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The sequence of sedimentary rocks at Acoma Pueblo, New Mexico, are 
important both in terms of their cultural significance for the Native people of Acoma 
Pueblo and the insight they provide into the long term geologic history of the Colorado 
Plateau. In this thesis we present the first stratigraphic and provenance analysis of the 
Mesozoic strata at Acoma Pueblo, New Mexico, based on field observations and detrital 
zircon U-Pb geochronology.  Acoma Pueblo was located in the distal part (i.e. backbulge) 
of a foreland basin system during most of the Mesozoic.  Acoma Pueblo has not been 
included in previous regional studies of the Colorado Plateau, which focused on 
proximal (i.e. foredeep) portions of the Cordilleran foreland basin system. However, 
field observations and detrital zircon U-Pb geochronology provide insight into how the 
sources of sediment for depositional environments at Acoma Pueblo changed 
throughout the Mid-Late Mesozoic as the Cordilleran foreland basin system evolved.  
The depositional environments of strata exposed at Acoma Pueblo, include aeolian 
dunes (Entrada Sandstone and Zuni Sandstone), lacustrine, fluvial playa (Morrison 




findings include: The end of sediment delivery from the East Mexico Magmatic Arc after 
Entrada time, an increase in Cordilleran Arc grains after Entrada time, an increase in 
Yavapai and Mazatzal age grains after Entrada time, and a more uniform distribution of 
zircon peak ages within the Dakota Sandstone.  In addition to this western science 
geologic knowledge, this thesis also integrates the traditional cultural perspectives of a 
trained geologist who is a member of Acoma Pueblo.  Thus, in describing/recognizing 
geologic formations we also draw on the cultural knowledge a tribal member has of the 








CHAPTER 1. INTRODUCTION 
1.1 Introduction 
The Colorado Plateau, located in the southwestern United States, encompasses 
parts of New Mexico, Utah, Colorado, and Arizona, and is an excellent region to study 
relatively undeformed Mesozoic strata. The work presented here was conducted in 
west-central New Mexico on the Acoma Pueblo Reservation in the southeastern portion 
of the Colorado Plateau (34°53’47”N, 107°34’55”W).  This location is part of the Acoma 
Pueblo reservation and Acoma Pueblo is a U.S. Federally recognized tribe. 
 Within the study area there is a 180-meter thick section of Mesozoic strata 
exposed. It is generally accepted that during the Mesozoic there was a convergent 
margin along the western edge of the North American continent (Dickinson, 1972).  
Subduction of an oceanic plate fueled a volcanic arc which, coupled with active thrusting, 
loaded the continental crust to the west of Acoma Pueblo and created a foreland basin 
(asymmetric topographic low) where sediment could be deposited (DeCelles & Giles, 
1996).  Previous studies (Dickinson and Gehrels, 2003, 2008, 2009) have analyzed large 
datasets using U-Pb detrital zircon geochronological techniques from the proximal part 




basin.  The purpose of this study is to present a new dataset, collected from the Acoma 
Pueblo stratigraphy, and integrate it with previously reported regional datasets.  
 The goals of this project were to 1.  Define the geologic framework of the strata 
using field measurements. 2.  Interpret the depositional environments associated with 
major changes in lithology throughout the measured section, 3.  Determine the 
provenance of sediments being distributed to these depositional environments using 
detrital zircon geochronological analysis, and 4.  Reconstruct paleogeography for the 
study area within a regional context by synthesizing field measurements, detrital zircon 
age data, and regional paleogeographic interpretations for the southwestern United 
States during the Mesozoic.  A separate goal for this project was to reflect on the 
potential benefits this type of research could offer to the Acoma people and to develop 
a perspective on how to best approach integrating scientific research with the 
traditional, cultural knowledge the author gained from growing up on the Acoma Pueblo 
reservation. 
 This thesis is therefore separated into two parts - the second chapter presents 
findings of the project that enhances the understanding of the geologic framework of 
west-central New Mexico during the Mesozoic using field interpretations and detrital 
zircon geochronology.  We found that the exposed strata ranges in age from mid-
Jurassic to Late Cretaceous.  Several major depositional environment changes occur 
during this time span and specifically include: aeolian dune, lacustrine, fluvial playa, and 
shallow marine environments.  Detrital zircon analysis reveals that localized provenance 




paleogeographic reconstructions that reflect interpreted sediment pathways during the 
sedimentation of the studied units. 
 The third chapter of my thesis is built on the fact that my cultural background 
has enhanced my perspectives as a trained geologist by allowing me to include 
traditional knowledge when making geological interpretations and teaching.  Previous 
research (Gruenewald, 2003; Semken, 2005; Semken et al., 2009) has provided a 
framework for developing teaching tools that specifically target the instructional needs 
of Native American students in the geosciences.  As a member of the Acoma Pueblo 
tribe, the author has succeeded in integrating western science with his traditional, 
cultural values.  Thus, the goal of the third chapter in the thesis is to integrate 
educational research that describes culture’s inherent presence in student learning with 
the cultural values and ways of learning at Acoma Pueblo.  An example of how to 
approach teaching an Acoma Pueblo person the concept of stratigraphy using culturally 





CHAPTER 2.  THE GEOLOGIC FRAMEWORK AT ACOMA PUEBLO: LOCAL CHANGES IN 
ENVIRONMENT AND PROVENANCE 
2.1 Abstract 
Acoma Pueblo is situated in the southeastern part of the Colorado Plateau and 
this portion of the Mesozoic Cordilleran foreland basin has received little attention in 
terms of detrital zircon provenance studies.  The main objective of this study is to better 
characterize the provenance of the distal Cordilleran foreland basin by focusing on a 
single location, Acoma Pueblo, throughout the later Mesozoic.  We focus on the 
following formations: the Entrada Sandstone (Callovian, 164.7-161.2), the Zuni 
Sandstone (Callovian-Oxfordian, 164.7-155.7), the Morrison Formation (Kimmeridgian-
Tithonian, 155.7-150.8), and the Dakota Sandstone (Cenomanian, 99.6-93.5) (Gradstein 
& Ogg, 2004; Lucas, 2004). Characteristic features of each formation include trough 
cross-stratification with interdunal facies (Entrada Sandstone), planar cross-stratification 
without interdunal facies (Zuni Sandstone), trough cross-stratified conglomerates with 
interbedded shale and ripple-bedded sandstones (Morrison Formation), and also tabular 
bodies of well-sorted sandstone interspersed with small (<2 m2) wackestone bodies 
(Dakota Sandstone).  These field measurements allow us to interpret the major changes 
in depositional environments at Acoma Pueblo during the Mesozoic.  The depositional 




Sandstone) to a dry aeolian dune system (Zuni Sandstone) to a fluvial playa system 
(Morrison Formation) and, finally, to a shallow marine system (Dakota Sandstone).  The 
majority of the zircon ages (Precambrian=66%, Paleozoic=16%, and Mesozoic=18%), 
within these units, correspond to magmatic ages (1.3-0.9 Ga) of plutons associated with 
the Grenville Orogeny (~32% of all zircon grains analyzed).  However, changes in 
provenance at the local scale include: 1. The end of sediment delivery from the East 
Mexico Magmatic Arc after Entrada time, 2. An increase in Yavapai and Mazatzal peak 
ages after Entrada time, 3. A continuous supply of sediment from the Cordilleran Arc 
initiated during deposition of the Zuni Sandstone, and 4. A more uniform distribution of 
zircon peak ages during deposition of the Dakota Sandstone.  In comparison with 
regional datasets we have found the distal foreland basin strata at Acoma Pueblo to be 
more sensitive to localized changes in sediment sources, which may be overshadowed 
by source terranes with high percentages of zircon contribution (e.g. Grenville).  The 
case study for Acoma Pueblo provides an example of how detrital zircon data from a 
single location provides useful data for interpreting detailed paleogeography of a region. 
2.2 Introduction 
The provenance of sedimentary strata within foreland basins is a powerful tool 
that provides insight into continent and regional scale paleogeography (e.g., Dickinson 
and Gehrels, 2009; Hampton and Ridgway, 2010, Leier and Gehrels, 2011; Raines et al., 
2013).  Prior to the application of U-Pb geochronology to detrital zircons, compositional 
data from conglomerate and sandstone were the principal tools used to determine the 





Figure 1 Location of Acoma Pueblo, NM.  Red outline delineates the Colorado 
Plateau.  The star shows the location of Acoma Pueblo and the four units 
sampled for this study.  Map from: http://www.geomapapp.org 
__________________________________________________________________ 
 1986).  With the development of detrital zircon U-Pb geochronology as an 
analytical tool to determine the ages of sediment sources, a large database has 
begun to be formed for hundreds of detrital zircon analyses that have been 
performed for the Mesozoic foreland basin stratigraphy of the North American 
Cordillera, including the Colorado Plateau (Dickinson & Gehrels, 2008; Dickinson 
& Gehrels, 2009; Laskowski et al., 2013).  The Colorado Plateau (Figure 1) is a 
relatively undeformed physiographic province in the Cordillera, which is 
characterized by a thick section of Mesozoic strata (Figures 2 & 5).  The Mesozoic 





Figure 2.  Geologic Map of Acoma Pueblo, NM.  The thick black lines are 
the locations of two measured sections that were compiled and are 




system, which is a first-order tectonic element of the North American continent 
(Dickinson, 1972; DeCelles 2004). Previous detrital zircon provenance studies 
have focused on the western, more proximal, parts of the Cordilleran foreland 
basin system; this proximal part of the foreland basin system is characterized by 
extensive exposures of sandstone, which is ideal for detrital studies.  The 
purpose of our study is to analyze the provenance of a more distal part of the 
Cordilleran foreland basin.  A conceptual question of our study is to test whether 
the more proximal parts of the Cordilleran foreland basin system were 
dominated by first-order sediment sources from the adjacent thrust belt and 
magmatic arc system whereas the more distal parts of the foreland basin system 
have provenance records more sensitive to local and intrabasinal sources of 
sediment. A part of the distal foreland basin that has received little attention is 
the Jurassic and Cretaceous strata exposed on tribal lands of the Native 
American community of Acoma Pueblo.  This Native American reservation is 
located within the southeastern part of the Colorado Plateau (Figure 1) and is 
one of the oldest continually inhabited villages in North America.  The traditional 
subsistence culture of the Acoma community is closely linked to the geologic 
framework of this part of the Colorado Plateau.   Within this geologic and 
cultural context, the general objectives of our study in this area are to: 1) 
Determine the major sources of sediment for the distal Cordilleran foreland 
basin exposed at Acoma Pueblo in northwestern New Mexico, 2) Test the 




parts to local sources of sediment, and 3) Provide the Acoma Native American 
community with new insights into the geologic framework of the mesa on which 
their tribe has lived for at least a millennia that can be utilized as teaching 
materials for their K-12 students and community member programs (Reano, 
2013). 
2.3 Geologic Setting 
The Mesozoic Cordilleran foreland basin was a result of long-lived 
oceanic-continental plate convergence along the western margin of North 
America (Dickinson, 1972; Jordan, 1995; DeCelles, 2004; Dickinson 2004).  
Foreland basins are created by flexure of the continental crust due to loading of 
a contractional orogenic belt hinterward from the basin as well as loading of 
sediment as the basin begins to fill (Jordan, 1981; DeCelles & Giles, 1996).  
Foreland basin systems are characterized by regional subsidence cratonward of 
the thrust belts and consist of wedge-top, foredeep, forebulge, and back-bulge 
depozones (DeCelles & Giles, 1996). Due to cratonward propagation of the 
thrust belt and the incorporation of proximal foreland-basin into the growing 
thrust belt, conceptually any one vertical profile through the stratigraphy of a 
foreland-basin system may consist of a vertical juxtaposition of different 
depozones (e.g. Horton & DeCelles, 1997; Ridgway et al., 2007).  DeCelles & 
Currie (1996) and others have established depositional models for the migration 





Figure 3.  Paleogeographic elements during deposition of the Mesozoic 
strata at Acoma Pueblo.  BB-Bisbee Basin, CCA-Cretaceous Cordilleran Arc, 
CP-Colorado Plateau, EMM-East Mexico Magmatic Arc, JCA-Jurassic 
Cordilleran Arc extent, JRS-Jurassic River System from the Appalachians, 
LT-Lake T’oo’dichi’, MB-McCoy Basin, MH-Mogollon Highlands, MSM-
Mojave-Sonora Megashear, OMS-Ouachita-Marathon Sutures Zone, SSE-
Sundance Sea extent during the Early Jurassic, SSL-Sundance Sea extent 





Provenance studies of Mesozoic strata in the Cordilleran foreland basin 
are extensive and represent decades of research (Horton & DeCelles, 1997).  
These studies show that sediment was derived mainly from thrust belt sources 
located to the west of the foreland basin.  Dickinson & Gehrels (2009) proposed 
a new provocative, regional provenance model for foreland basin sediment 
delivery to the Colorado Plateau during the Mesozoic based on U-Pb 
geochronology of detrital zircons.  Within their continental-scale model, a large 
transcontinental river system is interpreted to have transported sediments 
northwestward, from the Eastern United States to the Wyoming/Montana area 
near the edge of the Sundance Sea (Figure 3) (Dickinson & Gehrels, 2009).  
Aeolian depositional systems then reworked this sediment southward into 
aeolian dune environments (e.g. ergs) in the Colorado Plateau area.  The 
Dickinson and Gehrels (2009) model has been generally supported by more 
recent U-Pb detrital zircon data amalgamated from across the western United 
States (Dickinson & Lawton, 2001; DeCelles, 2004; Dickinson & Gehrels, 2009; 
Dickinson & Gehrels, 2010; Laskowski et al., 2013).  Much of this data supporting 
this new provenance model has been collected from the proximal part of the 
foreland basin (e.g. foredeep depozone), near the leading edge of thrusting, with 
little data representing the distal regions (e.g. backbulge depozone) of the 
Cordilleran foreland basin. 
Mesozoic strata exposed at Acoma Pueblo were deposited within the 




2004).  The Mesozoic paleogeography of the distal Cordilleran foreland basin, 
including Acoma Pueblo, indicates deposition of sediments within non-marine 
environments, including aeolian dune as well as fluvial playa systems (Turner & 
Fishman, 1991; Blakey, 1999).  However, during the Cretaceous, deposition at 
Acoma Pueblo was within a shallow marine environment.   
Major Mesozoic paleotectonic elements during deposition of the strata of 
Acoma Pueblo include the Cordilleran Magmatic Arc, the Bisbee Basin, the 
Mogollon highlands, the Sundance Sea, and Lake T’oo’dichi (Figure 3).  The 
Cordilleran Magmatic Arc was located west of the study area and was the result 
of long-lived convergence along the western margin of Laurentia.  The 
Cordilleran Magmatic Arc has U-Pb zircon ages that are less than 250 Ma (Barth 
& Wooden, 2006).  The Bisbee basin developed during the late Jurassic 
(Dickinson & Lawton, 2001).  It is a Jurassic back-arc basin that resulted from the 
development of intracontinental rifting south of the Colorado Plateau (Dickinson 
& Lawton, 2001).  The Mogollon Highlands (Figure 3) are located south of the 
Colorado Plateau but were not a regional paleotopographic high until the later 
part of the mid-Jurassic (Dickinson & Lawton, 2001).  They are composed of 
Precambrian basement rocks that are between 1600 and 1800 Ma (Whitmyer & 
Karlstrom, 2007).  The Sundance Sea was the southward extension of an inland 
sea during the Jurassic (Blakey, 1999).  Lake T’oo’dichi is one of several lakes that 





2.4 Stratigraphic Data & Interpretations 
The stratigraphic data for this study was collected and compiled into a 
single detailed measured section that is the first from Acoma Pueblo.  There is 
currently limited access to these strata for Western scientists and only partial 
access was granted to the authors during brief opportunities for field 
measurements. 
The geologic map of the area (Figure 2) shows that the oldest exposed 
unit, in the valley where Acoma Pueblo is situated, is the Entrada Sandstone.  
This sandstone was deposited during the Callovian stage of the mid-Jurassic 
(Gradstein & Ogg, 2004; Lucas, 2004).  It is a trough cross-stratified sandstone 
with large foreset packages (>1m thick) and well-sorted, fine-sized grains (Figure 
4A).   There are fine to very fine-grained subordinate siltstone units that exhibit 
soft-sediment deformation within the Entrada Sandstone (Figure 4B).  Our 
interpretation of the depositional environment for the Entrada Sandstone is a 
wet aeolian dune system (Figure 9) (Mountney, 2006).  This interpretation 
correlates with previous paleogeographic reconstructions that reflect a large erg, 
the Entrada Erg, depositing sediment across much of the Colorado Plateau 
during the Mid-Jurassic (Blakey, 1999).   
Overlying the Entrada sandstone is the Todilto Limestone (Figure 4C), 
which is observed to be a horizontally-laminated limey mudstone within the 
study area.  Previous research (Tanner, 1974) has identified the Todilto in this 










Figure 4A-K.  Photo array of the different formations observed and 
described within the measured section compiled in Figure 5.  A-Entrada 
Sandstone trough cross-stratification, B-Interdunal deposits of the 
Entrada Sandstone, C-Todilto Limestone outcrop, D-Jurassic Zuni 
Formation, E-Planar cross-stratification of the Zuni Formation, F-Contact 
between the Zuni Sandstone and the Morrison Formation, G-Interbedded 
sandstone and shale/clays of the Morrison Formation, H-Trough cross-
stratification at the base of the Morrison Formation, I-Faint cross-
stratification of the Dakota Sandstone, J-Tabular beds of the Dakota 
Sandstone, K-Limestone body found within the Dakota Sandstone.   
__________________________________________________________________ 
do not dispute this hypothesis.  The next youngest unit is the Zuni Sandstone 
(Figures 4D & 4E), deposited during the Callovian-Oxfordian stages of the mid-
Jurassic (Gradstein & Ogg, 2004, Lucas 2004).  This medium-grained, well-sorted 
sandstone unit exhibits planar cross-stratification and does not have any 
observable interdunal deposits.  The Bluff Sandstone is indistinguishable from 
the Zuni Sandstone on the southern cliff face of the valley where Acoma Pueblo 
is situated.  The reported thickness in Figure 5 is therefore a summation of both 
the Zuni and Bluff Sandstones.  We interpret the observations to reflect 
deposition of the Zuni/Bluff Sandstone in a dry aeolian dune system (Mountney, 
2006).  The regional context for this depositional environment is depicted by 
Blakey (1999) as part of the Bluff Erg, which is a smaller erg system than the 
previously mentioned Entrada Erg (Figures 9 & 10).   
The Morrison Formation overlies the Zuni Sandstone (Figure 4F) and is 
regarded as an enigmatic “formation” that is associated with many different 
depositional environments across the Colorado Plateau (Turner & Peterson, 




overlain by interbedded mudstone/shale layers with 1-2 meter thick ripple-
bedded sandstones (Figures 4G and 4H).  Our interpretation for the depositional 
environment during this time is a fluvial playa system.  Tanner (1974) has 
presented evidence based on ripple marks that support the hypothesis that the 
ripple beds of the Morrison Formation were deposited within a fluvial system.  
The shale layers obviously required much lower energies to be deposited and 
evidence of a lacustrine system during Morrison time in Northern New Mexico is 
presented in Tanner (1968). 
Finally, the youngest formation exposed in the Acoma valley is the 
Cretaceous Dakota Sandstone (Figures 4I, 4J, & 4K), reportedly deposited during 
the Cenomanian (Gradstein & Ogg, 2004, Lucas 2004). The outcrop exhibits faint 
cross-stratification, well-sortedness, and well-roundedness of its grains (Figure I).  
The outcrops are tabular in shape (Figure J) and there are uncommon, 
intermittent limestone (wackestone) bodies (<2 m across the longest dimension) 
with abundant marine fossils (e.g. bivalves) (Figure K).  Our interpretation for this 
formation is a shallow marine environment.  There is much evidence (Maxwell, 
1976; Blakey, 1999; Lucas & Heckert, 2003; Lawton, 2004; Lucas, 2004, Kues, 
2008) for the Cretaceous Interior Seaway to have been a dominant system for 
much of the Cretaceous paleogeography in New Mexico.  In summary, we see 
depositional environments progressively change from terrestrial environments in 




field observations enrich the regional paleogeographic interpretations previously 
hypothesized in earlier studies. 
2.5 Detrital Zircon Analysis & Provenance 
2.5.1 Methods 
We analyzed 364 detrital zircons from four samples (Entrada Sandstone, 
Zuni Sandstone, Morrison Formation, and Dakota Sandstone) detailed on the 
measured section shown in Figure 5.   The detrital zircons were analyzed using a 
laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) at the 
Arizona LaserChron Center.  Detailed methodology for detrital zircon analysis 
techniques used at the Arizona LaserChron Center are discussed in Gehrels et 
al.(2006).  Acceptable ages for the zircon grains were determined by using the 
206Pb/238U ratio for ages less than 1.0 Ga grains and 206Pb/207Pb ratios for grains 
that are greater than 1.0 Ga (Gehrels, 2010).  One hundred grains were analyzed 
for each sample (total of 400 grains), but ages that were determined unreliable 
were rejected and were not used for examining maximum depositional ages or 
peak ages. The most reliable maximum depositional ages were determined from 
the youngest cluster of three or more grains at the 2-sigma level.  However, the 
youngest single grain (1-sigma level) and the youngest graphical peak ages 
(Dickinson & Gehrels, 2009) are reported.  Peak ages used in this study were 
determined from clusters composed of three or more grains within 2-sigma error 






2.5.2 U-Pb Detrital Zircon Age Distribution and Maximum Depositional Ages 
2.5.2.1 Entrada Sandstone 
The sample from the Entrada Sandstone  (n=96) consists primarily of 
Precambrian grains (Precambrian (Pc)=67%, Paleozoic (Pz)=29%, Mesozoic 
(Mz)=4%) (Figure 6).  Further division of the Precambrian grains shows that most 
of the Precambrian grains are Mesoproterozoic in age (Neoproterozoic (Z)=15%, 
Mesoproterozoic (Y)=39%, Paleoproterozoic (X)=9%, Archean (A)= 4%).  The peak 
ages for this formation are 254 Ma, 268 Ma, 435 Ma, 468 Ma, 551Ma, 1035 Ma, 
1101 Ma, 1136 Ma, 1164 Ma, 1359 Ma, 1544 Ma, and 1706 Ma (Figures 6 & 7).
 The previously reported depositional age of the Entrada Sandstone is 
Callovian (164.7–161.2 Ma) (Gradstein & Ogg, 2004; Lucas, 2004).  This study 
reports a youngest graphical peak age of 234 Ma, a youngest single grain age of 
233 ± 2.4 Ma (1σ error), and a youngest cluster age (3 or more grains within 2σ 
error) of 245.1 ± 3.8 Ma (Figure 7). 
2.5.2.2 Zuni Sandstone 
The sample from the Zuni Sandstone shows an abundance of 
Precambrian grains (Pc=74%, Pz=5%, Mz=21%) (Figure 6).  The Precambrian 
grains can be further divided in Proterozoic (Pt) and Archean grain percentages: 
Neoproterozoic (Z)=5%, Mesoproterozoic (Y)=54%, Paleoproterozoic (X)=6%, 
Archean (A)=7%.  The peak ages for this formation are 193 Ma, 220 Ma, 1101 Ma, 





Figure 6.  Probability distribution plots of analyzed samples from the 
Entrada Sandstone, the Zuni Sandstone, the Morrison Formation, and the 






 The previously reported depositional age of the Zuni Sandstone from 
biostratigraphic indicators has been reported as Callovian-Oxfordian (164.7 Ma -
155.7 Ma) (Gradstein & Ogg, 2004; Lucas, 2004).  This study reports a youngest 
graphical peak age of 169.6 Ma, a youngest single grain age (1-sigma level) of 
166.4 ± 9.3 Ma, and a youngest cluster (3+ grains at 2-sigma level) of 189 ± 5.6 
Ma (Figure 7).  
2.5.2.3 Morrison Formation 
The sample from the Morrison Formation also exhibits an abundance of 
Precambrian grains (Pc=53%, Pz=11%, Mz=36%) (Figure 6).  Proterozoic (Pt) and 
Archean grain percentages are: Neoproterozoic (Z)=1%, Mesoproterozoic 
(Y)=38%, Paleoproterozoic (X)=12%, Archean (A)=2%.  The peak ages for this 
formation are 152 Ma, 161 Ma, 171 Ma, 205 Ma, 216 Ma, 422 Ma, 1066 Ma, 
1165 Ma, 1268 Ma, 1418 Ma, 1499 Ma, 1554 Ma, 1701 Ma, 1752 Ma (Figures 6 
& 7). 
 The previously reported biostratigraphic depositional age of the 
Morrison Formation has been reported as Kimmeridgian-Tithonian (155.7 Ma – 
145.5 Ma) (Gradstein & Ogg, 2004; Lucas, 2004).  This study reports a youngest 
graphical peak age of 106.4 Ma, a youngest single grain age (1-sigma level) of 
106.1 ± 4.3 Ma, and a youngest cluster (3+ grains at 2-sigma level) of 152.8 ± 3.1 




2.5.2.4 Dakota Sandstone 
The sample from the Dakota Sandstone is composed of mostly 
Precambrian age detrital zircons (Precambrian = 73%, Paleozoic = 16%, and 
Mesozoic = 12%) (Figure 6).  The Precambrian grains are predominantly from the 
Mesoproterozoic (Neoproterozoic (Z)= 11%, Mesoproterozoic (Y)= 36%, 
Paleoproterozoic (X)= 24%, Archean (A) = 1%).  The peak ages for this formation 
are 98 Ma, 416 Ma, 440 Ma, 457 Ma, 1030 Ma, 1140 Ma, 1214 Ma, 1443 Ma, 
1504 Ma, 1541 Ma, 1647 Ma, 1689 Ma, 1761 Ma, and 1835 Ma (Figures 6 & 7). 
 The reported depositional age of the Dakota Sandstone is reported as 
Cenomanian (99.6 – 93.5 Ma) (Gradstein & Ogg, 2004; Lucas, 2004).  This study 
reports a youngest graphical peak age of 98 Ma, a youngest single grain age of 
95.0  ± 2.1 Ma, and a youngest cluster age of 106.1  ± 2.1 Ma (Figure 7). 
2.5.2.5 Summary of Detrital Zircon Age Distributions 
 Peak age ranges that are common throughout the section include 1689-
1706 Ma, 1544-1554 Ma, and 1164-1168 Ma (Figure 6).  Distinctive populations 
for each sample (Figures 6 & 7) include:  Entrada Sandstone-254 Ma, 268 Ma, 
551 Ma, and 1359 Ma; Zuni Sandstone-1609 Ma, 1738 Ma, and 2714 Ma; 
Morrison Formation-1066 Ma and 1268 Ma; Dakota Sandstone-1214 Ma, 1443 
Ma, 1647 Ma, and 1835 Ma.  A noticeable trend (Figure 7) seen across the data is 
a progressively younger maximum depositional age with younger strata.  




more uniform profile of the Dakota Sandstone in comparison to the other three 
plots. 
2.5.3 Potential Source Areas 
The general location and ages of potential sediment source terranes are 
shown in Figure 8.  The possible sources of Archean age (> 2.5 Ga) detrital 
zircons are the Wyoming and Superior Provinces (Whitmyer & Karlstrom, 2007).  
These Archean continental fragments collided with each other during the 
Paleoproterozoic (Whitmyer & Karlstrom, 2007).  Their present day positions are 
directly north for the Wyoming Province and northeast for the Superior Province 
relative to the Colorado Plateau (Figure 8).  The Trans-Hudson source terrane 
correlates with zircon ages of 1.9-1.8 Ga.  This terrane is located in the central 
northern part of the United States between the Wyoming and Superior Provinces 
(Whitmyer & Karlstrom, 2007)(Figure 8).  The Mojavian source terrane yields 
zircon ages of 1.8-1.7 Ga.  This terrane is located in the southwestern United 
States, west of the Colorado Plateau and Acoma Pueblo (Karlstrom & Bowring, 
1988)(Figure 8).  The Yavapai Province is a source of 1.68-1.80 Ga zircon ages 
that spans across most of North America from the northeast to the southwest 
United States (Whitmyer & Karlstrom, 2007)(Figure 8).  This province is a result 
of the accretion of island arc crust to Laurentia (Whitmyer & Karlstrom, 2007).  
The Mazatzal Province is associated with zircon ages of 1.70-1.60 Ga (Whitmyer 
& Karlstrom, 2007).  This province also extends from the southwest and 





Figure 8.  Location of source terranes in relation to the Colorado Plateau 
(modified from Dickinson & Gehrels, 2009).  The colors of the source 
terranes correlate with the colors used in the probability distribution 
plots (Figures 6 & 7). 
__________________________________________________________________ 
 Mesoproterozoic tectonism provides a source of 1.55-1.35 Ga zircon 
grain ages in what is known as the Granite-Rhyolite Province (Whitmyer & 
Karlstrom, 2007)(Figure 8).  Intrusional anorogenic granites define this province. 




an area that covers the expanse between the Appalachian system and the 
Mazatzal Province (Whitmyer & Karlstrom, 2007). 
   There is no source terrane present in the United States with zircon 
ages of 1.5 Ga. Zircons whose ages are ~1.5 Ga (Figure 6) are potentially recycled 
from a source terrane of the Australian continent and were deposited in the 
Hess Canyon Group of Central Arizona in sedimentary basins between 1488 and 
1436 Ma (Doe et al., 2012) before being recycled into younger sedimentary 
basins.   
 The Grenville Province is a potential source of 1.3-0.9 Ga zircon grain 
ages (Whitmyer & Karlstrom, 2007).  This province is located east of the 
Colorado Plateau (Figure 8) and extends from the northeastern United States 
(southeastern Canada) down to Alabama and then transverses westward to 
south Texas (Whitmyer & Karlstrom, 2007).   The part of the Grenville Province 
that lies southeastward of the Colorado Plateau (Figure 8) in the present-day 
Texas area was covered by hundreds of meters of sediment during the Jurassic 
and is therefore not a likely source for “Grenville-aged” grains.  In the remainder 
of this paper, “Grenville-aged” grains will refer to the more eastward portion of 
the province located closer to the current eastern coast of the United States 
(Figure 8). 
 The Yucatan-Campeche source terrane is associated with zircon ages of 
0.43-0.40 Ga in its southern portion (Dickinson & Gehrels, 2009)(Figure 8). The 




that have an age of 0.76-0.36 Ga (Dickinson & Gehrels, 2009)(Figure 8).  Both of 
these events are associated with the Taconic orogeny of the Appalachian system 
(Dickinson & Gehrels, 2009; Williams & Hatcher, Jr, 1982).  However, the 
Yucatan-Campeche source terrane is located near Southeast Texas (southeast of 
the Colorado Plateau, Figure 8) and the Appalachian plutons are located along 
the east coast of the United States (east to northeast of the Colorado Plateau, 
Figure 8) (Dickinson & Gehrels, 2009). 
 The East Mexico Magmatic Arc is a potential source for zircon grains 
that have an age of .29 to .23 Ga (Torres et al., 1999; Dickinson & Lawton, 2001; 
Dickinson & Gehrels, 2009) (Figure 8).  This arc is a product of the suturing 
between Gondwana and Laurentia during the assembly of Pangea.  This source 
terrane is located southeast of the Colorado Plateau province (Figure 8).  The 
Western Cordilleran Arc is able to account for zircon grains that have an age less 
than 0.25 Ga (Barth & Wooden, 2006; Dickinson & Gehrels, 2009).  This province 
lies along the current western coast of North America (west and northwest of 
the Colorado Plateau, Figure 8) and is the youngest source terrane that could be 
supplying zircons to the Colorado Plateau (Figure 8). 
2.6 Results 
The U/Th ratios for all but seven detrital zircon grains were below 10, 
indicating that the ages recorded are more likely to be magmatic ages rather 




zircon ages from known source terranes whose zircon crystallization ages are 
well established.  
 The Entrada Sandstone has detrital zircons whose peak magmatic ages 
can be associated with the Yavapai Province (1706 Ma), the Granite-Rhyolite 
Province (1544 Ma, 1359 Ma), the Grenville Province (1164 Ma, 1136 Ma, 1101 
Ma, 1035 Ma), the Appalachian Paleozoic Plutonic Province (551 Ma, 468 Ma, 
435 Ma), and the East Mexico Magmatic Arc (268 & 254 Ma) (Figures 6. 7, & 8). 
The Zuni Sandstone has age peaks that can be associated with the 
Superior Province (2714 Ma), the Wyoming Province (2714 Ma), the Mojavian 
Province (1700 Ma, 1738 Ma), the Yavapai Province (1700 Ma, 1738 Ma), the 
Mazatzal Province (1609 Ma), the Granite-Rhyolite Province (1416 Ma), the 
Grenville Province (1101 Ma, 1168 Ma), and the Cordilleran Arc Province (193 
Ma, 220 Ma) (Figures 6, 7, & 8). 
 The Morrison Formation sample yielded age peaks that can be 
associated with the Mojavian Province (1701 Ma, 1752 Ma), the Yavapai 
Province (1701 Ma, 1752 Ma), the Granite-Rhyolite Province (1418 Ma, 1499 Ma, 
1554 Ma), the Grenville Province (1066 Ma , 1165 Ma, 1268 Ma), the Yucatan-
Campeche Province (422 Ma), the Appalachian Paleozoic pluton Province (422 
Ma), and the Cordilleran Arc Province (152 Ma, 161 Ma, 171 Ma, 205 Ma, 216 
Ma) (Figures 6, 7, & 8). 
 The Dakota Sandstone has detrital zircon magmatic crystallization peak 




(1761 Ma), the Yavapai Province (1689 Ma), the Mazatzal Province (1647 Ma), 
the Granite-Rhyolite Province (1541 Ma, 1504 Ma, 1443 Ma), the Grenville 
Province (1214 Ma, 1140 Ma, 1030 Ma), the Appalachian Paleozoic Plutonic 
Province (457 Ma, 440 Ma, 416 Ma), the Yucatan-Campeche Province (416 Ma), 
and the Cordilleran Arc Province (98 Ma) (Figures 6, 7, & 8). 
2.7 Discussion 
2.7.1 Common Peak Ages 
Peak ages that were common to (within 2-sigma) at least three of the 
samples were in the ranges of 1689-1706 Ma (Yavapai-Mazatzal Province), 1544-
1554 Ma (Mid-Continent Granite-Rhyolite Province), and 1164-1168 Ma 
(Grenville Province) (Figure 6).  These commonalities throughout the mid-late 
Mesozoic suggest that there was a constant contribution of zircon grains from 
these particular source terranes to the same location, Acoma Pueblo, during the 
Jurassic.  Examining the specific source terranes contributing those grains will 
help detect changes in sediment transport directions during the mid-late 
Mesozoic. 
 The common peak ages coincident with magmatic crystallization ages of 
the Grenville Province are in agreement with the interpretation of Dickinson and 
Gehrels (2009) that there was a large paleoriver system transporting sediment 
from the eastern United States to the west during the Jurassic (Figure 3).  Peak 




and Mazatzal Provinces are most likely coming from the Mogollon Highlands to 
the south. 
2.7.2 Unique Peak Ages 
There are peak ages that are either intermittently present or absent in all 
but one of the studied units.  The unique peak ages for the Entrada Sandstone 
are: 254, 268, 551, and 1359 (Figures 6 & 7).  The 254 and 268 Ma peak ages are 
likely to be sourced from the East Mexico Magmatic Arc (south of the Colorado 
Plateau, Figure 7).  The 551 Ma age can be correlated with the Appalachian 
Paleozoic Pluton Province (east of the Colorado Plateau, Figure 8).  The 1359 age 
may have been sourced from the Mid-Continent Granite-Rhyolite Province (east 
of the Colorado Plateau, Figure 8). 
 The unique peak ages for the Zuni Sandstone are: 193, 220, and 2714 
(Figures 6 &7).  The 193 and 220 age can be correlated with the Western 
Cordilleran Arc Province (west of the Colorado Plateau, Figure 8).  The 2714 age 
may have been sourced from the Wyoming Province (north of the Colorado 
Plateau, Figure 8). 
 The unique peak ages for the Morrison Formation are: 152, 161, 171, 
205, 422, and 1268 (Figures 6 & 7).  The 152, 161, 171, and 205 ages can be 
correlated with the Western Cordilleran Arc Province (west of the Colorado 
Plateau, Figure 8).  The 422 Ma age may have been sourced from the Yucatan 
Campeche source terrane (southeast of the Colorado Plateau, Figure 8) or the 




age can be correlated with the Grenville Province (east of the Colorado Plateau, 
Figure 8). 
 The unique peak ages for the Dakota Sandstone are: 98, 440, 457, and 
1835 (Figures 6 & 7).  The 98 Ma peak age can be correlated with the Western 
Cordilleran Arc Province (west of the Colorado Plateau, Figure 8).  The 440 Ma 
age can be correlated with either the Yucatan-Campeche source terrane 
(southeast of the Colorado Plateau, Figure 8) or the Appalachian Paleozoic 
Pluton Province (east of the Colorado Plateau, Figure 8).  The 457 Ma age may be 
sourced from the Appalachian Paleozoic Pluton Province (east of the Colorado 
Plateau, Figure 8).  The 1835 age can be correlated with the Trans-Hudson 
Province (northeast of the Colorado Plateau, Figure 8). 
2.7.3 Major Trends and Interpretations 
Cratonward migration of depozones within a foreland basin system has 
been established by several authors (DeCelles & Giles, 1996; Horton & DeCelles, 
1997).  Previous published research has established the probable location of the 
forebulge depozone in central Utah during the Triassic-Early Jurassic based on 
depositional environments and isopach maps (DeCelles & Currie, 1996; DeCelles 
2004).  This arrangement places the Colorado Plateau (and Acoma Pueblo) in the 
backbulge depozone during deposition of the Entrada Sandstone, Zuni 
Sandstone, and the Morrison Formations.  Subsequent migration of the 




distal foredeep deposits.  Evidence for this migration may come from inspection 
of the probability plots of detrital zircon ages from formations at Acoma Pueblo.  
 The youngest peak ages by formation are: Entrada Formation-254 Ma, 
Zuni Sandstone-193 Ma, Morrison Formation 152 Ma, and Dakota Sandstone-98 
Ma (Figure 7).  This progression of younger arc ages (green band in Figure 7) 
suggests active thrust belt development and eastward migration of the foreland 
basin system through time.  The difference in youngest peak ages (Figure 7) can 
also be interpreted to represent sediment derivation from progressively younger 
parts of the Cordilleran Arc system, which is coeval with deposition of the 
studied formations (Figures 9-12).  The total number of Mesozoic-age zircons 
also increases with each sample (Figure 6), which supports the hypothesis that 
sediment from the Cordilleran Arc is delivered to the Colorado Plateau in greater 
abundance as a result of cratonward migration. 
 Another major change in local provenance is the shutting off of 
sediment that is being supplied from the East Mexico magmatic arc to the 
southern portion of the Colorado Plateau (Figures 9 & 10).  In the earliest 
deposited unit, the Entrada Sandstone, there are two peak ages (268 Ma and 
254 Ma) correlated with the East Mexico magmatic arc (Figure 7).  However, in 
subsequent formations that are deposited at Acoma Pueblo, these peak ages are 
not expressed (Figure 7).  This is likely a result of Mogollon Highlands uplift 
between the East Mexico magmatic arc and the Colorado Plateau (Figures 9 &10).  






Figure 10.  Paleogeographic reconstruction for the Colorado Plateau area during 
the mid-Jurassic (Callovian-Oxfordian).  Sourcing from the East Mexico magmatic 
arc is no longer happening due to the uplift of the Mogollon Highlands, which are 
now one of the major contributors of sediment to the southeastern Colorado 
Plateau.  The contemporaneously youngest peak ages from the Cordilleran Arc 





Figure 11 Paleogeographic reconstruction for the Colorado Plateau area 
during the late Jurassic (Kimmeridgian-Tithonian).  The Mogollon 
Highlands and the Cordilleran Arc continue to be major sources of 





compose the Mogollon Highlands, in the Zuni Sandstone and younger strata (Figure 6).  
Finally, in the Dakota Sandstone, the youngest unit, we notice that the peak ages are 
more evenly distributed across the probability plot (Figure 6) compared to the other 
three samples.  We interpret this as reworking of previously deposited sediment when 
the Cretaceous Interior Seaway entered the region during the late Mesozoic (Figure 12).  
Major reworking of sediment is more typically associated with the foredeep depozone 
where thrust sheets more easily uplift older sediment and incorporate it into younger 
formations due to the active nature of the blind thrusts beneath the proximal portion 
(i.e. the wedge-top and foredeep depozones) of the foreland basin system (DeCelles & 
Giles, 1996; Horton, 1997). 
These trends and interpretations can be summarized in a series of 
paleogeographic reconstructions to show how the Cordilleran foreland basin system 
might have developed during the Jurassic and into the Cretaceous time periods based 
on the new data from Acoma Pueblo (Figures 9-12).  During Entrada time (Figure 9), we 
have interpreted the provenance data as recording sediment contribution from source 
areas located south and north of the Acoma Pueblo.  The southerly source of sediment 
is the East Mexico Magmatic Arc from which fluvial systems were the transporting agent 
for the sediment (Blakey, 1999; Blakey, 2008).  From the northern sources, the distal 
foreland basin was receiving sediment from the edge of the Sundance seaway (Figure 3) 
(Peterson, 1988), indicated by regional paleoflow directions derived from aeolian 




this time (Figure 7), which is reflected in the provenance record by the absence of peak 
ages associated with the Cordilleran Arc.  Acoma Pueblo is located east of the forebulge 
depozone of the Cordilleran foreland basin system during this time (Figure 9). 
Figure 10 shows the interpreted paleogeographic reconstruction for the Mid-
Late Jurassic time (Callovian-Oxfordian) during deposition of the Zuni Sandstone.  The 
detrital record indicates that sourcing of sediment from the East Mexico Magmatic Arc 
ended at this time (Figure 7).  The peak ages of 254 Ma and 268 Ma are not repeated in 
formations younger than the Entrada Sandstone.  The continuous sediment source from 
the Grenville source terranes is still present, and is represented by a relatively high 
number of zircons in the provenance record (Figure 6).  However, locally, we see small 
but discernible increases in detrital zircons associated with the Cordilleran Arc (peak 
ages of 193 Ma and 220 Ma) (Figure 7), the Mazatzal source terrane (peak ages of 1609 
Ma and 1700 Ma) (Figure 6), and the Yavapai source terrane (peak age of 1738 
Ma)(Figure 6) that are reaching Acoma Pueblo.  
During Late Jurassic time there was a major change in depositional environment 
at the Acoma Pueblo location (Figures 10 & 11).  Fluvial systems bringing sediment 
directly off the Mogollon Highlands (Bilodeau, 1986; Blakey, 1999; Blakey 2008) to the 
southwest are increasing the abundance of detrital zircons associated with the 
magmatic ages of the two Provinces (Yavapai and Mazatzal) that comprise the Mogollon 
Highlands (Figure 6).  There is also a major increase in grains coming from the 




Figure 12 is an interpreted reconstruction of the Acoma Pueblo area during the 
Cenomanian stage of the Cretaceous.  Stratigraphically, there is a major unconformity 
between the Morrison Formation and the Dakota Sandstone (Figure 5), which 
encompasses the entire Early Cretaceous.  We propose that the forebulge depozone 
migrated past the Acoma Pueblo study area sometime during the Early Cretaceous; the 
record of this migration is lost across this unconformity.  We suggest that the more 
uniform distribution of detrital zircons populations (Figure 6) is a product of active 
reworking of basinal sediment within the Cretaceous Interior Seaway due to the 
position of Acoma Pueblo within the distal foredeep depozone of the Cordilleran 
foreland basin system. 
2.8 Conclusion 
The first measured section from Acoma Pueblo has been completed and 
interpreted to better characterize the geologic framework in the context of Colorado 
Plateau geology and depositional environments.  Four samples collected from strata 
within the Mesozoic section at Acoma Pueblo were analyzed by LA-ICPMS to determine 
changes in provenance and maximum depositional ages of the Entrada Sandstone, the 
Zuni Sandstone, the Morrison Formation, and the Dakota Sandstone.  Peak ages 
documented from these samples support the (Dickinson & Gehrels, 2008) model for 
sediment transport during the Jurassic from the Appalachians to the Colorado Plateau 
(Figure 6).  Local provenance changes for the southern portion of the Colorado Plateau 
are documented within the provenance record (Figures 6 & 7).  These localized changes 




that ended before the deposition of the Zuni Sandstone (Figure 7), introduction of 
Cordilleran Arc sediment as a major source of detrital zircons beginning after Entrada 
time (Figure 7), an increase of Yavapai and Mazatzal age grains beginning in Zuni time 
(Figure 6), progressively younger peak ages associated with the Cordilleran Arc within 
progressively younger strata (Figure 7), a more uniform probability distribution plot for 
the Dakota Sandstone interpreted to be a product of recycling of sediment from older 
strata (Figure 6).  Analysis of all parts (proximal and distal) of the foreland basin system 
is useful to gain a more complete understanding of potential sediment pathways that 
are reaching depocenters within a foreland basin system. This better understanding will 
be reflected in higher quality, more detailed paleogeographic reconstructions 
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CHAPTER 3. CONNECTIONS BETWEEN GEOLOGY AND CULTURE AT  
ACOMA PUEBLO, NM 
3.1 Introduction 
STEM education focused on the perspectives and needs of Native American 
students is an important but missing element in the current U.S. educational system 
(Barnhardt, 1997).  As a result, very few Native American students pursue careers in the 
STEM disciplines, especially earth science (Beede et al., 2011).   Ironically, many Native 
American students eventually learn that earth science is a tool that their ancestors used 
for thousands of years, and that a general mastery of science and engineering skills can 
benefit and help maintain their communities. However, most Native students see no 
connection between Western science and the goal of preserving their cultural identities 
during their education.  If STEM faculty, teachers, and other scientists can better explain 
the links between traditional indigenous knowledge, western science, and community 
needs, this would attract more Native American and other underrepresented students 
to the earth sciences.  
 Earth science is especially relevant for Native communities because it ties 
directly into the landscape, which often has sacred implications to Native communities, 
and also to the natural resources that they need in order to function and prosper.   In 
addition, earth materials are important for the production of cultural artifacts such as 




 maintain their unique identities.  An understanding of the geologic framework of tribal 
lands is vital not only for present-day resource management but also for future, long-
term decision-making that will benefit Native communities on all fronts.  These 
important links between Native communities and the earth sciences can be nurtured 
and strengthened by integrating them into education. 
 The purpose of this article is to present an example to the earth science 
community of how a geologic discipline, in this case stratigraphy, can be presented in 
ways that have cultural relevance for a Native community.   The example comes from 
the Native American community of Acoma Pueblo in New Mexico.  The first author is a 
member of this community and grew up on the Acoma reservation.  The second author 
is a member of the Delaware (Lenape) community and is the co-director of the Sloan 
Indigenous Program at Purdue University.   The intent of this paper is to motivate fellow 
earth science faculty and teachers to explore how their research specialties can be put 
into cultural terms that are more accessible to diverse audiences.  Demonstrating how 
research can be beneficial for a Native community is one way to interest culturally 
diverse students in scientific research.  While geologic concepts are universal, cultural 
concepts are specific.  So, our approach requires efforts to develop an understanding of 
a person’s culture in order to effectively communicate geologic concepts to that 
individual (Semken, 2005).  Our example of integrating traditional knowledge (culture) 
and Western science is specifically for the tribal community of Acoma Pueblo, but the 
general approach that we advocate is applicable to other indigenous and land-based 




3.2  Place-Based Education at Acoma Pueblo 
   Acoma Pueblo is a National Historic Landmark that is the oldest continually 
inhabited village in the United States.  Generations of Acoma people have lived atop the 
exposed mesa in west-central New Mexico making pottery, building their homes out of 
rock and mud, and farming the land at the base of the mesa.   The Acoma community is 
literally embedded in the stratigraphy of the eastern Colorado Plateau. This community 
uses specific rock types from the local stratigraphy for specific cultural purposes and 
knowledge of the rocks and their uses have been passed on between generations for 
thousands of years.  Few non-Native scientists, however, have conducted research in 
the Western scientific tradition on the Acoma Pueblo Reservation and so there has not 
been any connection between the Western concept of stratigraphy and the use of this 
stratigraphy to address the cultural needs of the Acoma community.  
In developing a place-based education framework to bridge this gap for the 
Acoma Pueblo, we have developed a figure combining the local stratigraphy (lithologies, 
thicknesses, and stratigraphic relationships) with cultural uses of specific geologic 
formations (Figure 1).  The Western scientific viewpoint is represented by horizontal 
strata and the scientific nomenclature used by geologists to differentiate specific 
formations (Figure 1A). The Acoma Pueblo community member’s perspective of the 
local stratigraphy is represented in terms of cultural uses of specific intervals of the 
stratigraphy (Figure 1B).  After the student/community member recognizes a 





Figure 1.  A comparison of the perspectives of Western earth sciences (A) and the 
Acoma Pueblo community (B) views of the stratigraphy near Acoma Pueblo.  This 
diagram points out important geologic formations that are natural resources for the 
community members.  This figure is used to illustrate the “Western” geologic context 
for many of the culturally important land uses of the Native community.  Earth materials 
that are “culturally sensitive” to the local Native communities, such as the formation 
used for certain types of pottery, have not been labeled in this version of the figure as it 




the construction of their home-the Dakota Sandstone), our intent is that they will begin 
to recognize the same stratigraphic horizon and its potential use in different parts of the 
reservation.  Instructors can use this figure to illustrate the Western Scientific concept of 
stratigraphic correlation and immediately link this to traditional Acoma cultural 
knowledge and uses of different geologic materials.   
3.3 Broader Implications  
 To more fully develop the connection between the Western view of the 
Mesozoic stratigraphy of the eastern Colorado Plateau and the local Native communities 
utilization of this stratigraphy in their daily lives, the first author is, in conjunction with 
the Pueblo of Acoma and Purdue University, developing educational materials that 
integrate local uses of the geologic materials with information on the depositional 
environments of the local stratigraphy and the provenance of these strata as 
constrained by U-Pb detrital zircon geochronology (Reano & Ridgway, 2012; Reano, 
2014).  This is an example of placed-based education (PBE), which has been successful 
as a framework for teaching students from widely variable backgrounds about geologic 
concepts (Gruenewald, 2003; King, 2008; Semken et al., 2009; Semken & Brandt, 2010).  
Because PBE uses a holistic perspective to show geology’s position within the wider 
world, it is an effective way to combine scientific knowledge, which the student may be 
unaware of, with knowledge that is already within the student’s realm of cultural 
awareness (Barnhardt & Kawagley, 2005).  For our approach, we define place-based 




mediums through which cultural traditions and western science inform each other 
through the lives of people as they experience these places.   
 Lave and Wenger (1997) originated an educational framework that situates 
learning (knowledge) in the social context of the community, the tools and practices 
employed, and the activity itself.  Their work aimed to show that different cultures use 
experience in one’s environment as a method of teaching that emphasizes the student 
as an apprentice.  In this way, cultural meanings are connected to students’ newly 
learned knowledge and are contextualized within the community and the task at hand. 
Thus, effective PBE requires the blending of two cultures: that of the Acoma Pueblo 
people and that of Western Science.  We feel this blending of two cultures is an 
especially important element of teaching earth sciences to Native communities.  In our 
version of this place-based pedagogy, the instructor provides an opportunity within a 
natural environment (i.e. clay pits, sandstone quarries, etc.) for the student to integrate 
Western scientific concepts with cultural knowledge that has already been socially 
transferred to the student from the elders and local community. This approach, which 
we advocate in this article, requires earth science instructors to put their science into a 
cultural perspective, which in turn requires the instructors to become familiar with their 
local Native communities as well as Native perspectives and uses of the local landscape.  
Building these types of relationships requires time and trust but can be very rewarding.  
Our hope is to test the effectiveness of these concepts within a PBE after-school or 





In closing, it is important to note that STEM education designed for the diverse 
cultural needs of Native American students is lacking.  The future of these students’ 
traditional communities is partially dependent on the strength of knowledge the 
community has regarding landscape uses, natural resources, geoengineering, climate 
change, and other aspects of the earth sciences.  The example we have presented 
demonstrates how to relate the concept of stratigraphy, a Western Scientific construct, 
to the everyday lives of the Acoma Pueblo people.  We contend that many similar 
connections between Western earth sciences and traditional indigenous knowledge 
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Table A.1 details the U-Pb isotope data analyzed in Chapter 2. 
Table A.1 
Entrada Sandstone 
                 
      
Isotope ratios 
    
Apparent ages (Ma) 
   
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
JEU-DR-07-1  232.62 146173.30 1.31 3.01 0.10 34.66 0.98 0.76 0.98 0.99 3631.40 27.14 3628.90 9.70 3627.53 1.55 3627.53 1.55 100.11 
JEU-DR-07-2  524.65 198022.54 3.17 13.58 0.53 1.76 0.89 0.17 0.72 0.81 1030.57 6.84 1031.11 5.77 1032.26 10.64 1032.26 10.64 99.84 
JEU-DR-07-3  88.90 49725.64 1.41 8.70 0.69 5.35 0.93 0.34 0.62 0.67 1875.59 10.16 1877.57 7.94 1879.73 12.37 1879.73 12.37 99.78 
JEU-DR-07-5  104.36 22653.64 2.37 13.54 2.36 1.76 2.54 0.17 0.96 0.38 1027.74 9.08 1030.99 16.46 1037.88 47.55 1037.88 47.55 99.02 
JEU-DR-07-6  62.80 34026.25 2.71 10.48 1.97 3.56 2.68 0.27 1.81 0.68 1543.68 24.86 1540.85 21.24 1536.95 37.14 1536.95 37.14 100.44 
JEU-DR-07-7  97.12 31862.88 1.28 13.75 1.77 1.73 2.21 0.17 1.32 0.60 1023.72 12.45 1018.02 14.19 1005.76 35.95 1005.76 35.95 101.79 
JEU-DR-07-8  169.34 69382.27 2.26 12.63 1.12 2.21 2.28 0.20 1.99 0.87 1187.28 21.54 1183.49 15.95 1176.59 22.21 1176.59 22.21 100.91 
JEU-DR-07-9  100.33 19020.53 1.52 20.35 13.44 0.28 13.70 0.04 2.63 0.19 260.83 6.72 250.42 30.41 154.01 316.02 260.83 6.72 NA 
JEU-DR-07-10  54.66 23329.94 1.69 13.29 3.01 1.83 3.18 0.18 1.03 0.32 1044.82 9.89 1054.75 20.84 1075.37 60.38 1075.37 60.38 97.16 
JEU-DR-07-11  397.59 149431.84 2.07 12.54 0.63 2.23 2.08 0.20 1.98 0.95 1191.96 21.55 1191.53 14.59 1190.75 12.49 1190.75 12.49 100.10 
JEU-DR-07-12  88.54 37168.19 1.99 13.23 2.24 1.92 2.58 0.18 1.27 0.49 1088.88 12.75 1087.17 17.21 1083.72 45.01 1083.72 45.01 100.48 
JEU-DR-07-13  110.13 10036.73 2.59 20.16 29.67 0.29 29.75 0.04 2.18 0.07 266.94 5.70 257.91 67.85 176.58 705.58 266.94 5.70 NA 
JEU-DR-07-14  206.75 21636.08 1.07 20.35 6.62 0.27 6.89 0.04 1.93 0.28 251.37 4.75 242.22 14.85 154.34 155.07 251.37 4.75 NA 
JEU-DR-07-15  129.91 28364.54 1.39 17.31 4.16 0.72 4.35 0.09 1.29 0.30 556.26 6.85 549.37 18.47 520.89 91.26 556.26 6.85 106.79 
JEU-DR-07-16  183.39 108825.93 1.99 11.50 0.81 2.80 1.30 0.23 1.01 0.78 1354.21 12.34 1356.00 9.70 1358.82 15.68 1358.82 15.68 99.66 
JEU-DR-07-17  77.92 27875.93 3.03 13.81 3.95 1.71 4.02 0.17 0.73 0.18 1018.14 6.83 1011.71 25.74 997.80 80.28 997.80 80.28 102.04 
JEU-DR-07-18  62.13 36401.56 1.46 11.22 2.87 3.06 3.26 0.25 1.55 0.47 1433.79 19.88 1422.87 24.95 1406.56 54.94 1406.56 54.94 101.94 
JEU-DR-07-19  150.58 16533.34 2.26 19.31 5.66 0.34 7.54 0.05 4.98 0.66 303.67 14.77 300.57 19.61 276.60 129.68 303.67 14.77 NA 
JEU-DR-07-20  66.66 21325.54 1.74 13.71 2.72 1.74 3.36 0.17 1.99 0.59 1027.82 18.88 1022.96 21.69 1012.57 55.07 1012.57 55.07 101.51 
JEU-DR-07-21  99.33 73227.13 2.58 14.23 3.76 1.55 4.28 0.16 2.05 0.48 957.87 18.24 951.24 26.45 935.91 77.15 935.91 77.15 102.35 
JEU-DR-07-22  204.61 16361.02 1.37 19.91 7.66 0.27 7.84 0.04 1.65 0.21 245.74 3.98 242.01 16.87 206.03 177.90 245.74 3.98 NA 
JEU-DR-07-23  473.36 32871.53 1.57 19.00 2.03 0.32 2.51 0.04 1.47 0.59 275.40 3.97 279.46 6.14 313.54 46.30 275.40 3.97 NA 
JEU-DR-07-24  112.96 39949.17 1.43 13.52 1.98 1.83 2.66 0.18 1.79 0.67 1063.03 17.51 1055.84 17.49 1040.98 39.91 1040.98 39.91 102.12 
JEU-DR-07-25  76.63 6469.05 3.86 20.87 13.80 0.28 14.08 0.04 2.82 0.20 271.75 7.50 254.19 31.67 95.16 327.95 271.75 7.50 NA 
JEU-DR-07-26  92.51 24514.94 1.85 18.35 6.62 0.53 7.27 0.07 3.01 0.41 441.87 12.87 433.89 25.67 391.74 148.59 441.87 12.87 NA 
JEU-DR-07-27  54.68 7590.52 1.68 18.26 11.64 0.67 11.69 0.09 1.17 0.10 548.58 6.16 521.17 47.71 402.79 261.36 548.58 6.16 NA 
JEU-DR-07-28  54.47 16665.52 0.81 13.81 4.16 1.66 4.31 0.17 1.15 0.27 993.98 10.63 994.96 27.36 997.09 84.47 997.09 84.47 99.69 
JEU-DR-07-29  122.78 25355.12 2.14 13.95 1.68 1.68 2.08 0.17 1.22 0.59 1014.79 11.43 1002.80 13.23 976.68 34.24 976.68 34.24 103.90 
JEU-DR-07-30  119.99 13057.64 1.92 19.65 10.26 0.30 10.40 0.04 1.73 0.17 269.57 4.57 266.08 24.35 235.46 237.16 269.57 4.57 NA 
  
61 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
JEU-DR-07-31  61.61 52983.51 0.86 5.36 0.78 12.94 1.56 0.50 1.35 0.87 2626.06 29.14 2675.00 14.72 2712.19 12.92 2712.19 12.92 96.82 
JEU-DR-07-32  296.40 42559.56 1.08 18.59 3.30 0.49 3.37 0.07 0.67 0.20 413.52 2.70 405.91 11.27 362.84 74.41 413.52 2.70 NA 
JEU-DR-07-33  444.42 305762.78 5.01 12.88 0.37 2.02 0.91 0.19 0.83 0.91 1117.04 8.53 1123.81 6.18 1136.94 7.31 1136.94 7.31 98.25 
JEU-DR-07-34  131.68 42289.41 3.23 13.79 1.68 1.65 3.43 0.16 2.99 0.87 982.53 27.28 987.90 21.67 999.83 34.01 999.83 34.01 98.27 
JEU-DR-07-36  430.14 148450.00 1.14 10.44 0.55 3.63 0.82 0.27 0.60 0.74 1563.24 8.37 1555.10 6.51 1544.04 10.39 1544.04 10.39 101.24 
JEU-DR-07-37  178.38 140498.82 0.79 9.39 1.00 4.67 2.05 0.32 1.79 0.87 1780.01 27.81 1761.71 17.12 1740.06 18.29 1740.06 18.29 102.30 
JEU-DR-07-38  126.22 38533.08 2.83 13.70 1.96 1.76 2.25 0.18 1.10 0.49 1040.34 10.54 1031.89 14.56 1014.00 39.77 1014.00 39.77 102.60 
JEU-DR-07-39  94.01 14628.93 1.63 18.83 8.19 0.52 8.35 0.07 1.63 0.20 446.02 7.02 428.21 29.18 333.44 185.92 446.02 7.02 NA 
JEU-DR-07-40  238.63 39526.85 1.15 19.73 7.53 0.28 7.72 0.04 1.67 0.22 257.47 4.23 254.47 17.37 226.94 174.27 257.47 4.23 NA 
JEU-DR-07-41  131.61 71860.53 2.55 13.70 1.47 1.73 1.74 0.17 0.95 0.54 1024.58 8.95 1021.18 11.23 1013.86 29.68 1013.86 29.68 101.06 
JEU-DR-07-42  323.92 67012.80 0.91 17.94 1.75 0.54 1.88 0.07 0.68 0.36 434.90 2.85 436.09 6.66 442.32 38.93 434.90 2.85 NA 
JEU-DR-07-43  245.28 130922.71 1.67 12.99 1.04 2.01 1.59 0.19 1.20 0.75 1120.48 12.35 1120.43 10.80 1120.36 20.81 1120.36 20.81 100.01 
JEU-DR-07-44  84.77 38734.57 2.35 12.70 1.62 2.22 2.10 0.20 1.34 0.64 1199.46 14.68 1187.48 14.71 1165.70 32.07 1165.70 32.07 102.90 
JEU-DR-07-45  91.48 172644.27 2.57 7.58 0.98 7.14 1.21 0.39 0.69 0.58 2133.51 12.62 2129.02 10.73 2124.66 17.25 2124.66 17.25 100.42 
JEU-DR-07-46  322.98 62925.82 35.63 18.18 2.41 0.47 2.61 0.06 1.00 0.38 389.03 3.76 392.47 8.50 412.76 53.97 389.03 3.76 NA 
JEU-DR-07-47  150.88 119291.69 3.31 5.35 0.42 13.42 2.35 0.52 2.31 0.98 2701.93 51.03 2709.66 22.22 2715.42 7.00 2715.42 7.00 99.50 
JEU-DR-07-48  213.91 106282.51 3.57 8.59 0.33 5.55 0.84 0.35 0.77 0.92 1912.84 12.78 1908.04 7.21 1902.82 5.88 1902.82 5.88 100.53 
JEU-DR-07-49  96.46 89207.82 2.25 12.62 1.79 2.18 2.03 0.20 0.96 0.47 1173.68 10.32 1175.23 14.16 1178.09 35.45 1178.09 35.45 99.63 
JEU-DR-07-50  215.66 20269.18 1.75 19.06 6.07 0.29 6.34 0.04 1.81 0.29 253.95 4.52 259.09 14.50 305.85 138.50 253.95 4.52 NA 
JEU-DR-07-51  415.18 85376.70 2.22 13.24 1.21 1.95 2.20 0.19 1.84 0.84 1107.04 18.68 1098.97 14.77 1083.00 24.26 1083.00 24.26 102.22 
JEU-DR-07-53  230.32 20951.68 1.34 19.71 5.53 0.28 5.68 0.04 1.28 0.23 254.89 3.19 252.34 12.69 228.73 127.93 254.89 3.19 NA 
JEU-DR-07-54  74.58 21242.21 0.58 15.76 3.15 1.08 4.54 0.12 3.26 0.72 748.00 23.06 741.76 23.90 722.94 66.94 748.00 23.06 103.47 
JEU-DR-07-55  403.12 294546.59 2.04 11.76 0.31 2.65 0.93 0.23 0.88 0.94 1314.84 10.44 1315.67 6.87 1317.00 6.07 1317.00 6.07 99.84 
JEU-DR-07-56  179.18 25999.62 1.46 19.95 12.37 0.28 12.44 0.04 1.34 0.11 253.91 3.34 248.80 27.47 200.88 288.20 253.91 3.34 NA 
JEU-DR-07-57  953.93 59428.47 1.03 19.80 1.77 0.26 2.05 0.04 1.04 0.51 233.19 2.38 231.82 4.25 217.99 40.87 233.19 2.38 NA 
JEU-DR-07-58  135.79 72832.66 1.94 9.58 0.77 4.49 1.81 0.31 1.64 0.91 1749.70 25.09 1729.11 15.01 1704.27 14.13 1704.27 14.13 102.67 
JEU-DR-07-59  595.68 260520.02 3.50 12.71 0.40 2.21 0.75 0.20 0.63 0.84 1197.26 6.94 1185.47 5.26 1163.99 8.03 1163.99 8.03 102.86 
JEU-DR-07-60  205.02 23529.67 1.34 18.55 7.94 0.31 8.09 0.04 1.55 0.19 267.40 4.07 277.92 19.68 367.41 179.19 267.40 4.07 NA 
JEU-DR-07-61  90.43 110272.13 1.34 10.05 1.18 3.98 2.64 0.29 2.36 0.89 1641.91 34.27 1629.77 21.46 1614.12 22.06 1614.12 22.06 101.72 
JEU-DR-07-62  86.53 5738.06 1.61 21.23 21.53 0.27 22.11 0.04 5.03 0.23 264.66 13.03 244.44 48.06 54.41 518.75 264.66 13.03 NA 
JEU-DR-07-63  106.96 53567.76 3.78 14.40 5.04 1.05 5.20 0.11 1.27 0.24 673.58 8.10 731.17 27.11 911.97 103.88 673.58 8.10 73.86 
JEU-DR-07-64  1026.80 62853.32 0.94 19.31 1.94 0.30 2.05 0.04 0.65 0.32 268.28 1.71 269.04 4.84 275.65 44.45 268.28 1.71 NA 
JEU-DR-07-66  127.29 58949.04 2.19 13.62 3.01 1.77 3.22 0.17 1.16 0.36 1037.62 11.11 1033.82 20.92 1025.77 60.87 1025.77 60.87 101.16 
JEU-DR-07-67  379.83 37559.62 18.74 13.07 0.48 1.96 1.98 0.19 1.92 0.97 1099.98 19.44 1102.82 13.33 1108.39 9.68 1108.39 9.68 99.24 
JEU-DR-07-68  117.39 12633.67 1.89 18.87 9.60 0.31 9.78 0.04 1.87 0.19 270.77 4.97 276.81 23.69 328.16 218.19 270.77 4.97 NA 
JEU-DR-07-69  104.07 39373.60 1.99 13.39 1.90 1.87 2.42 0.18 1.49 0.62 1074.08 14.76 1069.36 15.99 1059.77 38.30 1059.77 38.30 101.35 
JEU-DR-07-70  213.07 118244.43 2.51 9.31 0.50 4.73 0.92 0.32 0.77 0.84 1785.58 12.07 1772.33 7.73 1756.74 9.17 1756.74 9.17 101.64 
JEU-DR-07-71  79.98 32529.76 1.29 11.37 1.28 3.02 1.55 0.25 0.88 0.57 1432.71 11.32 1412.46 11.86 1382.02 24.60 1382.02 24.60 103.67 
JEU-DR-07-72  216.78 306078.12 3.73 11.51 0.43 2.84 1.03 0.24 0.93 0.91 1372.52 11.50 1366.95 7.71 1358.24 8.36 1358.24 8.36 101.05 
JEU-DR-07-73  136.51 13271.15 1.37 20.29 7.47 0.27 7.94 0.04 2.68 0.34 252.98 6.66 244.27 17.24 161.39 174.93 252.98 6.66 NA 
JEU-DR-07-74  59.37 59387.13 1.94 5.06 0.53 15.05 0.97 0.55 0.81 0.84 2834.41 18.68 2818.58 9.24 2807.26 8.64 2807.26 8.64 100.97 
JEU-DR-07-75  66.71 10028.71 0.49 17.44 12.82 0.70 12.92 0.09 1.58 0.12 548.27 8.29 539.96 54.15 505.01 283.14 548.27 8.29 108.57 
JEU-DR-07-76  218.12 14756.55 1.92 20.06 6.65 0.28 7.22 0.04 2.82 0.39 253.94 7.03 247.56 15.87 187.50 154.93 253.94 7.03 NA 
JEU-DR-07-77  167.22 96425.19 2.16 13.68 1.56 1.74 1.85 0.17 0.99 0.54 1025.94 9.37 1022.77 11.90 1015.96 31.60 1015.96 31.60 100.98 
JEU-DR-07-78  151.14 15483.97 1.13 18.72 6.82 0.30 7.24 0.04 2.44 0.34 253.82 6.08 263.12 16.79 346.76 154.40 253.82 6.08 NA 
JEU-DR-07-79  90.80 7139.27 1.65 18.23 12.85 0.30 13.03 0.04 2.17 0.17 247.48 5.27 263.32 30.24 406.75 288.68 247.48 5.27 NA 
  
62 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
JEU-DR-07-80  68.55 22655.13 1.13 15.51 6.55 0.95 7.32 0.11 3.25 0.44 656.72 20.32 679.91 36.28 757.45 138.38 656.72 20.32 86.70 
JEU-DR-07-81  353.90 83986.13 1.97 16.36 1.19 0.90 1.40 0.11 0.75 0.53 653.52 4.66 651.31 6.75 643.71 25.53 653.52 4.66 101.52 
JEU-DR-07-82  54.21 36560.93 0.86 10.06 2.57 3.74 2.89 0.27 1.33 0.46 1556.59 18.36 1580.70 23.18 1613.01 47.88 1613.01 47.88 96.50 
JEU-DR-07-83  92.61 37815.50 0.48 13.74 2.97 1.74 3.18 0.17 1.15 0.36 1028.44 10.93 1022.10 20.49 1008.52 60.15 1008.52 60.15 101.98 
JEU-DR-07-84  515.97 356354.73 2.33 13.14 0.47 1.95 0.87 0.19 0.74 0.85 1099.49 7.45 1098.83 5.85 1097.52 9.34 1097.52 9.34 100.18 
JEU-DR-07-85  117.03 9229.57 1.33 18.91 14.12 0.29 14.21 0.04 1.58 0.11 249.82 3.87 257.06 32.28 323.64 322.07 249.82 3.87 NA 
JEU-DR-07-86  312.26 58645.79 2.48 17.81 2.48 0.59 2.66 0.08 0.97 0.37 476.12 4.47 473.12 10.07 458.60 55.01 476.12 4.47 NA 
JEU-DR-07-87  276.61 30922.92 1.50 19.76 3.90 0.29 3.96 0.04 0.71 0.18 259.81 1.81 256.17 8.97 223.01 90.17 259.81 1.81 NA 
JEU-DR-07-88  694.91 159431.32 3.24 16.32 1.04 0.88 1.42 0.10 0.97 0.68 639.24 5.92 641.33 6.76 648.69 22.27 639.24 5.92 98.54 
JEU-DR-07-89  221.94 67559.00 2.48 13.47 0.58 1.78 1.12 0.17 0.96 0.86 1034.54 9.15 1038.74 7.27 1047.61 11.63 1047.61 11.63 98.75 
JEU-DR-07-90  228.24 82343.61 32.81 13.01 0.70 1.93 1.66 0.18 1.50 0.91 1076.90 14.87 1090.22 11.07 1116.95 14.01 1116.95 14.01 96.41 
JEU-DR-07-91  73.12 17857.53 2.08 13.75 2.87 1.57 3.71 0.16 2.35 0.63 940.17 20.56 960.25 23.03 1006.49 58.19 1006.49 58.19 93.41 
JEU-DR-07-92  41.95 12056.41 0.93 13.89 4.78 1.58 5.79 0.16 3.27 0.56 950.96 28.89 961.38 36.02 985.31 97.43 985.31 97.43 96.51 
JEU-DR-07-93  349.03 111814.01 2.49 13.26 0.71 1.88 0.79 0.18 0.34 0.43 1070.81 3.35 1073.75 5.24 1079.70 14.32 1079.70 14.32 99.18 
JEU-DR-07-94  237.15 36570.81 0.58 17.64 2.95 0.59 3.06 0.08 0.82 0.27 467.40 3.68 469.44 11.50 479.42 65.19 467.40 3.68 NA 
JEU-DR-07-95  217.24 179703.74 2.79 8.85 0.57 5.23 0.95 0.34 0.76 0.80 1866.34 12.27 1857.39 8.06 1847.38 10.25 1847.38 10.25 101.03 
JEU-DR-07-96  97.64 90041.87 1.86 13.69 2.41 1.69 2.80 0.17 1.42 0.51 1002.09 13.17 1006.43 17.87 1015.88 48.87 1015.88 48.87 98.64 
JEU-DR-07-97  146.89 139563.38 2.96 13.76 2.16 1.73 2.96 0.17 2.03 0.68 1023.98 19.18 1018.13 19.05 1005.54 43.89 1005.54 43.89 101.83 
JEU-DR-07-98  271.38 34888.32 1.33 19.64 5.44 0.29 5.72 0.04 1.77 0.31 264.00 4.58 261.24 13.18 236.52 125.58 264.00 4.58 NA 
JEU-DR-07-99  155.86 20039.89 1.85 18.21 5.05 0.46 5.20 0.06 1.24 0.24 382.72 4.60 386.48 16.71 408.99 112.97 382.72 4.60 NA 
JEU-DR-07-100  155.60 150947.50 2.95 12.79 1.17 2.13 1.29 0.20 0.54 0.42 1161.18 5.76 1157.92 8.91 1151.80 23.22 1151.80 23.22 100.81 
JEU-DR-07-R33  862.14 119052.45 1.28 18.09 0.79 0.51 1.25 0.07 0.96 0.77 421.51 3.92 421.74 4.30 423.00 17.70 421.51 3.92 NA 
JEU-DR-07-R33  162.13 40465.95 1.32 17.73 7.31 0.54 7.44 0.07 1.41 0.19 433.94 5.92 439.45 26.55 468.36 161.97 433.94 5.92 NA 
                    Zuni Formation 
                 
      
Isotope ratios 
    
Apparent ages (Ma) 
   
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101110DR-03-1 64.51 67596.08 1.46 4.68 0.67 16.42 3.51 0.56 3.44 0.98 2855.02 79.37 2901.69 33.56 2934.23 10.81 ##### 10.81 97.30 
101110DR-03-2 130.51 36751.90 2.95 13.68 2.57 1.66 2.92 0.16 1.39 0.48 981.57 12.67 992.57 18.50 1016.95 52.02 1016.95 52.02 96.52 
101110DR-03-3 384.60 259927.53 7.21 10.08 0.41 3.85 2.14 0.28 2.10 0.98 1598.71 29.67 1602.98 17.21 1608.58 7.67 1608.58 7.67 99.39 
101110DR-03-4 210.23 117569.80 4.06 24.09 16.03 0.20 16.75 0.03 4.83 0.29 219.04 10.41 183.30 28.09 -255.76 408.33 219.04 10.41 NA 
101110DR-03-5 163.80 129473.83 1.48 5.36 0.54 13.00 2.79 0.51 2.74 0.98 2639.41 59.37 2679.98 26.36 2710.73 8.98 2710.73 8.98 97.37 
101110DR-03-6 312.43 28678.20 3.25 10.96 3.43 2.81 6.49 0.22 5.51 0.85 1300.73 64.92 1358.89 48.65 1451.59 65.22 1451.59 65.22 89.61 
101110DR-03-7 107.85 36171.95 4.35 13.07 4.05 1.98 5.05 0.19 3.02 0.60 1108.74 30.76 1108.65 34.08 1108.47 80.90 1108.47 80.90 100.02 
101110DR-03-8 162.90 85231.45 3.60 7.66 0.79 6.98 2.92 0.39 2.81 0.96 2111.70 50.60 2108.77 25.92 2105.89 13.81 2105.89 13.81 100.28 
101110DR-03-9 52.92 27356.91 2.56 13.48 8.59 1.81 9.40 0.18 3.83 0.41 1053.14 37.20 1050.75 61.62 1045.79 173.47 1045.79 173.47 100.70 
101110DR-03-11 88.99 165248.86 1.44 5.37 0.91 13.03 2.93 0.51 2.79 0.95 2644.51 60.48 2681.83 27.65 2710.08 14.93 2710.08 14.93 97.58 
101110DR-03-15 213.65 17071.74 6.36 20.31 12.02 0.22 14.44 0.03 8.00 0.55 208.59 16.42 204.64 26.78 159.44 282.18 208.59 16.42 NA 
101110DR-03-16 298.65 29105.13 1.67 20.60 15.36 0.24 16.07 0.04 4.71 0.29 227.38 10.52 218.70 31.62 126.33 363.39 227.38 10.52 NA 
101110DR-03-17 548.57 698321.87 3.39 5.35 0.23 13.68 2.81 0.53 2.80 1.00 2746.16 62.72 2727.68 26.63 2714.01 3.82 2714.01 3.82 101.18 
101110DR-03-18 260.79 22122.99 2.42 17.89 7.58 0.28 9.29 0.04 5.37 0.58 229.73 12.13 250.34 20.62 448.21 168.65 229.73 12.13 NA 
101110DR-03-19 118.98 60416.63 3.40 12.74 2.52 2.04 4.22 0.19 3.39 0.80 1112.94 34.64 1128.92 28.76 1159.78 49.89 1159.78 49.89 95.96 
  
63 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101110DR-03-20 134.90 131352.10 1.73 9.47 1.12 4.52 3.23 0.31 3.03 0.94 1742.06 46.29 1733.88 26.87 1724.00 20.49 1724.00 20.49 101.05 
101110DR-03-21 155.88 39477.13 1.34 11.50 2.67 1.91 5.76 0.16 5.10 0.89 954.26 45.22 1085.66 38.41 1359.71 51.56 1359.71 51.56 70.18 
101110DR-03-22 286.81 35258.04 4.98 22.48 10.07 0.18 11.87 0.03 6.28 0.53 185.20 11.47 167.03 18.28 -83.30 247.06 185.20 11.47 NA 
101110DR-03-23 124.74 40734.69 3.99 12.50 2.74 2.08 3.79 0.19 2.62 0.69 1114.10 26.84 1142.42 26.01 1196.56 54.03 1196.56 54.03 93.11 
101110DR-03-24 144.82 8576.04 1.55 18.95 19.61 0.20 ### 0.03 13.18 0.56 178.75 23.23 188.96 40.76 318.43 449.62 178.75 23.23 NA 
101110DR-03-25 180.55 48512.02 2.89 13.00 2.52 1.97 2.88 0.19 1.40 0.48 1099.82 14.11 1106.39 19.44 1119.35 50.34 1119.35 50.34 98.26 
101110DR-03-26 278.36 273006.44 2.72 9.64 0.96 4.23 1.65 0.30 1.34 0.81 1670.01 19.72 1679.57 13.52 1691.50 17.63 1691.50 17.63 98.73 
101110DR-03-27 221.83 75587.47 2.90 11.24 1.05 3.03 2.06 0.25 1.78 0.86 1424.67 22.70 1416.30 15.76 1403.72 20.11 1403.72 20.11 101.49 
101110DR-03-28 190.77 50232.19 4.04 13.72 2.36 1.72 2.98 0.17 1.83 0.61 1017.58 17.19 1015.28 19.14 1010.29 47.79 1010.29 47.79 100.72 
101110DR-03-29 209.09 68270.41 3.34 11.10 1.46 2.99 2.58 0.24 2.13 0.83 1392.09 26.67 1406.17 19.64 1427.56 27.79 1427.56 27.79 97.52 
101110DR-03-30 161.05 7722.66 2.00 23.09 15.56 0.20 17.56 0.03 8.13 0.46 213.59 17.08 186.12 29.86 -149.68 387.97 213.59 17.08 NA 
101110DR-03-31 193.06 104110.29 2.97 11.01 1.67 3.09 2.61 0.25 2.00 0.77 1424.02 25.61 1431.34 20.04 1442.22 31.90 1442.22 31.90 98.74 
101110DR-03-32 49.26 23483.85 1.98 12.62 5.75 2.08 7.22 0.19 4.36 0.60 1122.87 44.95 1142.03 49.52 1178.64 113.74 1178.64 113.74 95.27 
101110DR-03-33 577.10 192057.28 2.82 11.14 0.41 2.88 1.92 0.23 1.87 0.98 1347.57 22.75 1376.18 14.44 1420.85 7.89 1420.85 7.89 94.84 
101110DR-03-34 221.72 172896.71 2.09 11.92 2.32 2.57 3.30 0.22 2.34 0.71 1292.78 27.42 1291.84 24.09 1290.25 45.13 1290.25 45.13 100.20 
101110DR-03-35 103.87 29006.16 1.71 15.72 5.11 0.96 6.71 0.11 4.35 0.65 667.76 27.62 681.82 33.34 728.53 108.32 667.76 27.62 91.66 
101110DR-03-36 326.76 18012.21 1.56 19.24 13.14 0.25 13.76 0.04 4.09 0.30 223.78 9.00 229.08 28.23 283.91 301.60 223.78 9.00 NA 
101110DR-03-37 490.32 377826.67 3.13 11.22 0.52 3.06 1.73 0.25 1.65 0.95 1432.97 21.22 1422.38 13.25 1406.54 9.99 1406.54 9.99 101.88 
101110DR-03-38 101.90 47725.56 2.80 11.01 1.90 3.11 2.84 0.25 2.11 0.74 1431.61 27.10 1436.33 21.83 1443.31 36.21 1443.31 36.21 99.19 
101110DR-03-39 164.07 80995.17 3.02 11.01 1.75 3.14 2.41 0.25 1.66 0.69 1441.26 21.44 1441.74 18.58 1442.43 33.38 1442.43 33.38 99.92 
101110DR-03-40 265.74 35150.80 2.57 20.88 18.74 0.22 19.83 0.03 6.50 0.33 208.05 13.30 199.07 35.87 94.05 447.12 208.05 13.30 NA 
101110DR-03-42 266.59 15864.28 4.07 18.63 12.98 0.48 13.76 0.06 4.56 0.33 405.20 17.91 398.15 45.35 357.42 294.17 405.20 17.91 NA 
101110DR-03-43 193.11 52806.66 5.00 13.50 1.85 1.74 3.59 0.17 3.07 0.86 1012.12 28.78 1022.20 23.12 1043.83 37.35 1043.83 37.35 96.96 
101110DR-03-44 131.25 43430.94 2.97 11.01 2.10 2.97 2.84 0.24 1.91 0.67 1371.54 23.54 1399.52 21.56 1442.40 40.09 1442.40 40.09 95.09 
101110DR-03-45 56.05 13596.41 1.69 11.82 4.59 2.55 4.79 0.22 1.35 0.28 1275.68 15.57 1287.39 34.94 1306.96 89.22 1306.96 89.22 97.61 
101110DR-03-47 223.81 33003.82 2.28 18.18 5.46 0.53 5.84 0.07 2.08 0.36 438.31 8.82 434.25 20.64 412.75 122.07 438.31 8.82 NA 
101110DR-03-48 240.90 9477.35 3.31 23.14 17.06 0.18 17.15 0.03 1.78 0.10 193.34 3.39 169.28 26.75 -155.07 426.20 193.34 3.39 NA 
101110DR-03-49 193.29 49286.65 1.33 16.66 2.99 0.82 4.67 0.10 3.60 0.77 610.44 20.95 609.17 21.42 604.44 64.65 610.44 20.95 100.99 
101110DR-03-50 287.64 19261.81 1.19 21.27 15.54 0.17 17.20 0.03 7.37 0.43 171.55 12.48 163.60 26.00 50.02 373.06 171.55 12.48 NA 
101110DR-03-52 188.94 26402.80 1.98 17.04 8.09 0.58 8.41 0.07 2.33 0.28 449.28 10.10 467.02 31.51 555.18 176.69 449.28 10.10 80.93 
101110DR-03-53 532.94 103999.47 5.91 13.24 1.33 1.88 2.14 0.18 1.68 0.78 1068.10 16.53 1072.71 14.20 1082.09 26.72 1082.09 26.72 98.71 
101110DR-03-54 176.60 132853.72 2.57 10.61 1.18 3.60 4.29 0.28 4.13 0.96 1577.65 57.74 1550.41 34.12 1513.46 22.26 1513.46 22.26 104.24 
101110DR-03-55 144.01 128997.01 16.65 4.36 0.40 19.26 2.35 0.61 2.31 0.99 3065.96 56.43 3054.70 22.66 3047.28 6.41 3047.28 6.41 100.61 
101110DR-03-57 69.25 14678.54 2.65 13.49 3.00 1.81 3.56 0.18 1.91 0.54 1049.01 18.51 1047.92 23.28 1045.67 60.60 1045.67 60.60 100.32 
101110DR-03-58 113.28 58366.53 1.57 12.83 3.59 2.20 4.21 0.20 2.18 0.52 1201.40 23.91 1181.77 29.37 1146.05 71.44 1146.05 71.44 104.83 
101110DR-03-59 172.24 57229.97 1.26 11.09 2.02 3.14 2.97 0.25 2.19 0.73 1450.28 28.38 1441.44 22.90 1428.39 38.54 1428.39 38.54 101.53 
101110DR-03-60 735.66 406665.74 4.84 11.05 0.64 3.24 2.78 0.26 2.71 0.97 1487.11 35.95 1466.40 21.58 1436.50 12.23 1436.50 12.23 103.52 
101110DR-03-62 835.73 17662.97 4.19 19.39 2.70 0.27 3.71 0.04 2.54 0.69 236.24 5.89 239.03 7.90 266.57 61.94 236.24 5.89 NA 
101110DR-03-63 264.72 73239.49 4.75 13.12 0.87 1.97 3.03 0.19 2.90 0.96 1109.63 29.55 1106.41 20.40 1100.09 17.42 1100.09 17.42 100.87 
101110DR-03-64 433.21 191222.30 2.50 9.40 0.51 4.20 2.81 0.29 2.76 0.98 1623.05 39.58 1673.75 23.01 1737.92 9.39 1737.92 9.39 93.39 
101110DR-03-65 235.83 156770.25 9.94 12.64 1.19 2.16 3.12 0.20 2.88 0.92 1163.92 30.70 1168.02 21.65 1175.64 23.54 1175.64 23.54 99.00 
101110DR-03-66 124.99 58205.07 9.58 12.55 2.15 2.22 2.92 0.20 1.98 0.68 1188.31 21.43 1188.50 20.44 1188.85 42.42 1188.85 42.42 99.95 
101110DR-03-67 214.85 9111.55 8.96 23.97 17.44 0.17 18.09 0.03 4.83 0.27 189.91 9.03 161.14 26.96 -243.23 443.41 189.91 9.03 NA 
101110DR-03-70 401.37 54148.35 1.29 9.30 0.81 4.85 1.64 0.33 1.42 0.87 1824.83 22.64 1793.38 13.82 1756.97 14.91 1756.97 14.91 103.86 
101110DR-03-71 193.12 84179.35 3.41 11.08 1.29 3.04 3.98 0.24 3.76 0.95 1406.67 47.52 1416.61 30.38 1431.57 24.66 1431.57 24.66 98.26 
101110DR-03-72 175.26 46419.65 3.28 13.38 2.97 1.82 3.43 0.18 1.71 0.50 1048.38 16.58 1052.43 22.47 1060.87 59.79 1060.87 59.79 98.82 
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101110DR-03-73 310.45 10150.86 3.19 20.96 20.30 0.19 21.10 0.03 5.74 0.27 185.89 10.52 178.75 34.59 85.32 485.87 185.89 10.52 NA 
101110DR-03-74 216.92 37525.02 3.08 10.82 5.72 3.28 8.08 0.26 5.71 0.71 1476.16 75.28 1475.81 62.95 1475.30 108.64 1475.30 #### 100.06 
101110DR-03-75 112.02 139060.58 1.93 12.98 3.31 1.90 6.67 0.18 5.79 0.87 1061.38 56.66 1081.64 44.42 1122.67 66.08 1122.67 66.08 94.54 
101110DR-03-76 200.99 99975.98 4.55 11.20 0.85 2.96 4.76 0.24 4.68 0.98 1387.62 58.49 1396.47 36.14 1410.00 16.23 1410.00 16.23 98.41 
101110DR-03-77 388.53 40496.41 2.14 16.94 1.86 0.73 3.59 0.09 3.07 0.86 551.11 16.23 554.59 15.35 568.92 40.49 551.11 16.23 96.87 
101110DR-03-78 435.55 40238.62 2.53 19.92 16.72 0.23 17.49 0.03 5.14 0.29 207.20 10.48 206.93 32.75 203.81 390.25 207.20 10.48 NA 
101110DR-03-79 82.95 37782.60 3.47 13.18 8.27 1.83 10.04 0.18 5.70 0.57 1040.55 54.78 1057.44 66.07 1092.45 165.84 1092.45 165.84 95.25 
101110DR-03-80 159.93 122328.20 4.54 12.84 2.88 2.07 3.77 0.19 2.44 0.65 1134.81 25.34 1137.70 25.80 1143.19 57.23 1143.19 57.23 99.27 
101110DR-03-82 569.43 537616.35 0.78 5.66 0.51 9.73 5.11 0.40 5.08 0.99 2166.76 93.58 2409.98 47.09 2622.34 8.52 ##### 8.52 82.63 
101110DR-03-83 234.92 22668.29 3.23 20.60 11.68 0.41 12.30 0.06 3.85 0.31 379.19 14.18 345.65 36.05 125.89 275.79 379.19 14.18 NA 
101110DR-03-85 54.20 18871.69 1.07 12.44 7.18 2.22 7.95 0.20 3.41 0.43 1174.77 36.59 1185.97 55.66 1206.46 141.59 1206.46 141.59 97.37 
101110DR-03-86 206.50 62971.43 6.42 14.17 1.58 1.46 5.22 0.15 4.98 0.95 901.18 41.85 913.94 31.48 944.91 32.44 944.91 32.44 95.37 
101110DR-03-87 804.94 19138.71 3.53 13.57 1.60 1.77 2.36 0.17 1.74 0.74 1034.75 16.67 1034.17 15.34 1032.93 32.28 1032.93 32.28 100.18 
101110DR-03-89 113.30 44835.41 2.58 9.64 2.37 4.35 4.37 0.30 3.67 0.84 1713.15 55.20 1703.82 36.07 1692.35 43.65 1692.35 43.65 101.23 
101110DR-03-90 341.27 14277.18 1.13 21.69 13.18 0.17 14.35 0.03 5.66 0.39 166.43 9.31 156.16 20.77 3.13 318.73 166.43 9.31 NA 
101110DR-03-91 179.88 105340.49 1.78 10.44 1.39 3.62 2.37 0.27 1.92 0.81 1562.91 26.64 1554.41 18.86 1542.86 26.13 1542.86 26.13 101.30 
101110DR-03-94 33.35 14543.68 1.82 12.62 9.84 2.15 11.92 0.20 6.72 0.56 1160.45 71.42 1166.47 82.86 1177.68 195.17 1177.68 195.17 98.54 
101110DR-03-95 462.78 124076.41 3.58 13.08 0.87 1.99 2.73 0.19 2.59 0.95 1113.66 26.51 1111.16 18.47 1106.25 17.39 1106.25 17.39 100.67 
101110DR-03-97 632.12 218962.98 3.94 11.24 0.53 2.99 4.03 0.24 4.00 0.99 1404.65 50.44 1403.87 30.67 1402.67 10.17 1402.67 10.17 100.14 
101110DR-03-99 95.37 3549.82 1.21 27.75 94.59 0.14 ### 0.03 11.90 0.12 181.84 21.33 134.96 121.06 -628.17 1494.41 181.84 21.33 NA 
101110DR-03-
100 50.69 23601.46 4.40 13.41 7.25 1.93 7.51 0.19 1.96 0.26 1111.40 20.05 1093.23 50.30 1057.25 146.09 1057.25 #### 105.12 
101110DR-03-R1 143.05 11641.13 1.99 18.41 9.66 0.50 10.19 0.07 3.24 0.32 419.14 13.14 413.88 34.66 384.66 217.55 419.14 13.14 NA 
101110DR-03-R2 80.47 7352.18 2.52 16.72 20.22 0.54 21.97 0.07 8.61 0.39 409.52 34.16 439.02 78.47 596.78 442.07 409.52 34.16 68.62 
                    Morrison Formation 
                 
      
Isotope ratios 
    
Apparent ages (Ma) 
   
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101210DR-05-1 286.67 13066.40 15.81 21.03 11.50 0.22 11.63 0.03 1.78 0.15 216.21 3.78 204.93 21.59 77.04 273.88 216.21 3.78 NA 
101210DR-05-2 179.72 11562.47 1.97 19.29 18.69 0.25 18.98 0.03 3.27 0.17 218.23 7.01 223.46 38.08 278.96 431.23 218.23 7.01 NA 
101210DR-05-4 63.04 13935.75 2.82 13.77 7.98 1.63 9.88 0.16 5.84 0.59 972.54 52.70 982.00 62.28 1003.18 162.15 1003.18 162.15 96.95 
101210DR-05-5 103.58 66395.94 2.92 9.44 2.07 4.36 3.21 0.30 2.46 0.77 1685.58 36.53 1705.43 26.56 1729.89 37.92 1729.89 37.92 97.44 
101210DR-05-6 209.78 12216.38 2.64 21.24 17.35 0.23 17.61 0.04 3.00 0.17 227.22 6.70 212.57 33.79 53.16 416.80 227.22 6.70 NA 
101210DR-05-7 298.58 54928.62 2.21 12.05 0.88 2.43 1.55 0.21 1.28 0.82 1242.19 14.41 1252.01 11.13 1268.91 17.08 1268.91 17.08 97.89 
101210DR-05-8 680.31 35420.75 0.79 20.47 6.44 0.16 6.62 0.02 1.52 0.23 151.85 2.28 151.17 9.30 140.45 151.37 151.85 2.28 NA 
101210DR-05-9 74.22 28418.29 1.24 11.07 2.93 2.98 3.61 0.24 2.11 0.58 1384.45 26.28 1403.61 27.44 1432.83 55.84 1432.83 55.84 96.62 
101210DR-05-10 141.07 7361.18 1.36 21.53 14.39 0.21 14.92 0.03 3.95 0.26 207.71 8.08 193.32 26.27 21.06 346.93 207.71 8.08 NA 
101210DR-05-11 360.61 160023.57 4.84 14.19 2.10 1.46 2.66 0.15 1.63 0.61 901.93 13.74 913.47 16.00 941.48 42.95 941.48 42.95 95.80 
101210DR-05-13 80.47 19470.21 1.90 13.35 3.50 1.72 4.10 0.17 2.14 0.52 995.37 19.73 1017.69 26.37 1066.04 70.38 1066.04 70.38 93.37 
101210DR-05-14 127.52 49511.24 1.83 11.78 2.06 2.63 3.51 0.22 2.84 0.81 1306.75 33.57 1309.27 25.81 1313.37 39.98 1313.37 39.98 99.50 
101210DR-05-15 289.13 12128.22 2.69 11.15 0.73 2.97 3.32 0.24 3.24 0.98 1386.58 40.48 1399.54 25.26 1419.32 13.87 1419.32 13.87 97.69 
101210DR-05-16 263.72 9848.57 1.30 22.23 21.28 0.14 21.60 0.02 3.66 0.17 145.78 5.28 134.73 27.26 -56.04 523.56 145.78 5.28 NA 
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101210DR-05-17 157.90 123155.12 3.07 9.92 1.28 4.00 2.02 0.29 1.56 0.77 1629.90 22.41 1634.04 16.39 1639.36 23.85 1639.36 23.85 99.42 
101210DR-05-18 313.89 47939.77 3.54 18.37 3.29 0.53 3.84 0.07 1.98 0.52 438.93 8.41 431.07 13.49 389.25 73.84 438.93 8.41 NA 
101210DR-05-19 97.31 24087.17 0.47 12.97 4.43 1.91 4.66 0.18 1.43 0.31 1063.15 14.06 1083.18 31.03 1123.71 88.39 1123.71 88.39 94.61 
101210DR-05-21 316.94 116702.65 2.91 10.67 0.85 3.36 2.19 0.26 2.02 0.92 1489.61 26.88 1495.24 17.16 1503.21 16.07 1503.21 16.07 99.10 
101210DR-05-22 134.95 10654.11 1.41 17.47 10.54 0.54 10.90 0.07 2.77 0.25 423.33 11.36 435.58 38.63 500.89 232.72 423.33 11.36 NA 
101210DR-05-23 327.22 15338.83 2.80 18.75 13.07 0.23 13.71 0.03 4.13 0.30 202.40 8.24 213.97 26.46 343.26 297.00 202.40 8.24 NA 
101210DR-05-24 217.80 138237.86 3.33 9.30 0.96 4.41 2.60 0.30 2.42 0.93 1678.12 35.73 1714.01 21.54 1758.13 17.57 1758.13 17.57 95.45 
101210DR-05-25 147.10 141980.24 1.36 5.45 0.58 12.83 4.04 0.51 4.00 0.99 2643.66 86.65 2667.59 38.05 2685.77 9.63 2685.77 9.63 98.43 
101210DR-05-26 284.91 359747.37 1.87 7.21 0.29 7.83 1.54 0.41 1.51 0.98 2212.85 28.35 2211.78 13.89 2210.77 5.10 2210.77 5.10 100.09 
101210DR-05-27 234.77 37367.00 1.29 17.48 2.82 0.66 3.81 0.08 2.56 0.67 514.37 12.66 511.69 15.32 499.72 62.18 514.37 12.66 102.93 
101210DR-05-29 83.58 51620.32 1.89 11.98 3.96 2.44 4.57 0.21 2.28 0.50 1241.85 25.77 1255.91 32.97 1280.07 77.29 1280.07 77.29 97.01 
101210DR-05-30 55.81 24450.59 2.61 10.86 3.40 3.18 4.10 0.25 2.30 0.56 1443.10 29.79 1453.39 31.73 1468.45 64.52 1468.45 64.52 98.27 
101210DR-05-31 80.69 14649.02 0.38 12.08 6.83 2.10 6.99 0.18 1.46 0.21 1089.42 14.66 1149.13 48.10 1263.61 133.60 1263.61 #### 86.21 
101210DR-05-33 311.45 18991.61 3.25 22.21 7.91 0.20 8.45 0.03 2.97 0.35 202.69 5.93 183.71 14.20 -53.94 192.82 202.69 5.93 NA 
101210DR-05-34 417.70 14644.98 4.51 19.39 3.76 0.26 4.38 0.04 2.25 0.51 228.42 5.06 231.84 9.08 266.68 86.24 228.42 5.06 NA 
101210DR-05-35 434.22 13178.67 2.00 21.52 9.65 0.18 10.36 0.03 3.77 0.36 178.32 6.63 167.84 16.03 22.50 232.08 178.32 6.63 NA 
101210DR-05-36 335.51 265589.93 2.84 8.49 0.37 5.19 3.25 0.32 3.23 0.99 1787.70 50.35 1850.56 27.64 1921.96 6.62 1921.96 6.62 93.01 
101210DR-05-38 429.73 143424.18 2.70 9.58 1.00 4.04 2.80 0.28 2.61 0.93 1594.03 36.88 1642.14 22.77 1704.27 18.43 1704.27 18.43 93.53 
101210DR-05-39 83.36 15635.55 1.72 13.16 5.92 2.00 7.12 0.19 3.96 0.56 1125.51 40.92 1115.24 48.25 1095.30 118.61 1095.30 118.61 102.76 
101210DR-05-40 151.67 47333.69 2.82 10.99 2.22 3.11 3.74 0.25 3.01 0.81 1427.87 38.58 1434.99 28.74 1445.55 42.22 1445.55 42.22 98.78 
101210DR-05-41 131.49 13843.28 1.22 18.50 9.37 0.50 10.60 0.07 4.95 0.47 417.25 19.99 410.56 35.80 373.09 211.37 417.25 19.99 NA 
101210DR-05-42 91.83 42075.54 1.25 13.07 4.15 1.88 5.11 0.18 2.98 0.58 1058.44 29.08 1075.03 33.91 1108.81 83.03 1108.81 83.03 95.46 
101210DR-05-43 202.60 2794.31 1.23 21.56 20.27 0.15 21.86 0.02 8.18 0.37 154.00 12.44 145.95 29.72 17.06 491.27 154.00 12.44 NA 
101210DR-05-44 258.70 121735.01 2.05 11.06 0.93 3.08 2.60 0.25 2.42 0.93 1421.34 30.88 1426.56 19.89 1434.34 17.83 1434.34 17.83 99.09 
101210DR-05-45 529.42 35501.68 1.06 19.86 4.97 0.24 5.76 0.03 2.91 0.50 214.73 6.14 214.47 11.14 211.67 115.33 214.73 6.14 NA 
101210DR-05-46 323.04 20050.81 3.40 19.37 8.24 0.25 8.89 0.04 3.34 0.38 226.57 7.44 230.38 18.33 269.41 189.23 226.57 7.44 NA 
101210DR-05-47 507.36 99713.93 2.14 17.66 3.59 0.53 3.90 0.07 1.52 0.39 421.03 6.20 429.81 13.66 477.18 79.38 421.03 6.20 NA 
101210DR-05-48 703.14 25449.88 0.63 20.54 4.03 0.17 4.27 0.03 1.42 0.33 161.44 2.27 159.59 6.31 132.19 94.80 161.44 2.27 NA 
101210DR-05-49 952.65 30168.34 0.51 19.35 4.03 0.18 5.22 0.02 3.32 0.64 157.39 5.17 164.74 7.95 271.70 92.44 157.39 5.17 NA 
101210DR-05-50 92.16 23590.12 0.83 13.14 4.21 1.99 5.00 0.19 2.71 0.54 1117.66 27.82 1110.77 33.80 1097.31 84.21 1097.31 84.21 101.85 
101210DR-05-51 144.25 47469.66 2.32 11.23 1.83 3.03 2.54 0.25 1.76 0.69 1422.16 22.49 1415.12 19.39 1404.50 35.03 1404.50 35.03 101.26 
101210DR-05-52 159.70 11832.45 1.37 20.12 18.43 0.24 18.86 0.04 4.04 0.21 222.30 8.82 218.79 37.14 181.18 432.57 222.30 8.82 NA 
101210DR-05-53 1455.04 2451.47 4.56 19.70 2.67 0.24 4.10 0.03 3.11 0.76 213.84 6.53 215.21 7.95 230.29 61.81 213.84 6.53 NA 
101210DR-05-54 123.79 13699.23 1.78 17.98 12.46 0.42 12.73 0.05 2.59 0.20 343.47 8.67 355.77 38.21 436.81 278.33 343.47 8.67 NA 
101210DR-05-55 404.05 44971.62 2.86 22.06 9.22 0.18 12.91 0.03 9.04 0.70 181.44 16.17 166.70 19.85 -37.70 224.35 181.44 16.17 NA 
101210DR-05-56 355.60 22409.49 1.91 12.65 1.57 2.10 2.13 0.19 1.44 0.68 1134.05 14.95 1147.73 14.63 1173.69 31.05 1173.69 31.05 96.62 
101210DR-05-57 527.53 21013.02 0.86 20.84 8.39 0.18 8.87 0.03 2.87 0.32 168.83 4.78 164.23 13.45 98.40 198.79 168.83 4.78 NA 
101210DR-05-60 130.54 64253.28 3.33 13.33 4.31 1.81 4.55 0.18 1.46 0.32 1042.33 14.01 1050.83 29.80 1068.57 86.68 1068.57 86.68 97.54 
101210DR-05-62 119.02 100233.59 1.29 9.68 1.40 4.23 3.50 0.30 3.21 0.92 1675.03 47.35 1679.10 28.75 1684.17 25.76 1684.17 25.76 99.46 
101210DR-05-63 118.03 35869.18 3.28 13.55 3.15 1.78 3.45 0.17 1.40 0.41 1039.46 13.48 1038.31 22.41 1035.86 63.57 1035.86 63.57 100.35 
101210DR-05-64 566.73 228949.43 6.14 10.38 0.67 3.24 2.38 0.24 2.29 0.96 1406.68 28.89 1466.64 18.48 1554.54 12.58 1554.54 12.58 90.49 
101210DR-05-66 91.04 21359.72 3.34 11.31 1.90 3.01 6.88 0.25 6.61 0.96 1423.01 84.45 1410.35 52.50 1391.26 36.53 1391.26 36.53 102.28 
101210DR-05-67 23.94 8481.93 1.04 9.18 5.42 4.56 7.04 0.30 4.49 0.64 1708.01 67.40 1741.58 58.71 1782.10 98.99 1782.10 98.99 95.84 
101210DR-05-68 87.11 119036.10 2.51 5.84 0.79 11.36 2.81 0.48 2.70 0.96 2531.62 56.47 2553.05 26.24 2570.10 13.28 2570.10 13.28 98.50 
101210DR-05-70 281.76 109842.44 2.21 19.99 7.02 0.29 7.78 0.04 3.36 0.43 263.79 8.69 257.04 17.68 195.96 163.29 263.79 8.69 NA 
101210DR-05-70 387.42 32791.04 2.06 17.85 3.50 0.52 4.94 0.07 3.49 0.71 418.31 14.15 423.63 17.12 452.71 77.70 418.31 14.15 NA 
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Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
101210DR-05-71 132.10 30112.72 3.76 12.31 2.86 2.37 3.36 0.21 1.75 0.52 1235.60 19.69 1232.69 23.96 1227.60 56.22 1227.60 56.22 100.65 
101210DR-05-73 221.87 29172.72 4.17 10.78 2.86 2.82 4.20 0.22 3.07 0.73 1283.04 35.66 1360.27 31.45 1483.79 54.30 1483.79 54.30 86.47 
101210DR-05-74 167.43 18610.70 2.21 18.75 22.04 0.22 22.75 0.03 5.64 0.25 186.78 10.38 198.71 41.08 342.76 504.21 186.78 10.38 NA 
101210DR-05-75 135.17 43467.90 1.97 13.60 4.39 1.70 6.65 0.17 4.99 0.75 1001.53 46.26 1010.07 42.56 1028.62 88.90 1028.62 88.90 97.37 
101210DR-05-76 571.81 190571.47 3.15 13.33 0.90 1.89 1.81 0.18 1.58 0.87 1083.76 15.72 1078.95 12.05 1069.26 18.01 1069.26 18.01 101.36 
101210DR-05-77 243.54 20063.78 0.85 19.58 9.84 0.24 10.82 0.03 4.50 0.42 214.67 9.50 217.15 21.15 244.10 227.11 214.67 9.50 NA 
101210DR-05-78 480.37 36233.03 1.59 19.65 7.27 0.23 8.28 0.03 3.95 0.48 211.27 8.22 213.34 15.93 236.27 167.99 211.27 8.22 NA 
101210DR-05-79 250.01 65798.64 3.95 11.35 1.56 2.59 2.43 0.21 1.86 0.77 1245.18 21.04 1297.54 17.77 1385.22 29.94 1385.22 29.94 89.89 
101210DR-05-80 703.01 5067.62 2.55 18.78 8.30 0.25 8.44 0.03 1.57 0.19 216.56 3.35 227.25 17.19 339.38 188.15 216.56 3.35 NA 
101210DR-05-81 80.63 24114.40 1.91 9.87 1.33 3.93 2.63 0.28 2.26 0.86 1598.66 32.03 1620.26 21.25 1648.42 24.69 1648.42 24.69 96.98 
101210DR-05-82 332.63 268281.17 3.30 13.43 1.59 1.79 2.10 0.17 1.37 0.65 1034.75 13.13 1041.10 13.66 1054.46 31.95 1054.46 31.95 98.13 
101210DR-05-83 68.39 19541.35 1.88 12.65 6.96 2.05 7.56 0.19 2.94 0.39 1112.18 30.07 1132.88 51.64 1172.78 137.94 1172.78 137.94 94.83 
101210DR-05-84 304.53 10875.95 1.81 19.88 12.32 0.23 13.09 0.03 4.43 0.34 210.69 9.19 210.52 24.89 208.58 286.51 210.69 9.19 NA 
101210DR-05-85 61.94 17736.53 1.47 12.65 5.21 2.16 8.18 0.20 6.31 0.77 1165.37 67.27 1168.32 56.85 1173.81 103.16 1173.81 103.16 99.28 
101210DR-05-86 303.89 29108.44 3.72 17.82 5.57 0.47 5.96 0.06 2.13 0.36 376.46 7.78 387.90 19.22 456.73 123.64 376.46 7.78 NA 
101210DR-05-87 426.13 34635.46 2.17 20.11 8.31 0.22 8.55 0.03 2.01 0.24 205.92 4.08 204.02 15.80 182.16 193.82 205.92 4.08 NA 
101210DR-05-88 186.06 8966.19 0.75 17.86 17.69 0.21 19.06 0.03 7.11 0.37 170.07 11.94 190.55 33.13 452.47 395.46 170.07 11.94 NA 
101210DR-05-89 305.87 13399.58 2.86 20.98 9.03 0.22 10.28 0.03 4.90 0.48 209.45 10.09 199.41 18.61 82.28 214.78 209.45 10.09 NA 
101210DR-05-90 107.90 3869.79 1.28 28.07 34.79 0.17 35.73 0.03 8.16 0.23 216.34 17.36 157.35 52.13 -660.02 982.00 216.34 17.36 NA 
101210DR-05-91 434.92 155986.31 3.77 11.18 0.81 2.58 4.26 0.21 4.18 0.98 1222.82 46.55 1293.95 31.14 1413.98 15.49 1413.98 15.49 86.48 
101210DR-05-92 860.03 33580.14 2.12 19.68 3.28 0.23 3.49 0.03 1.19 0.34 203.98 2.39 206.28 6.52 232.62 75.78 203.98 2.39 NA 
101210DR-05-93 84.65 81099.96 4.18 9.45 2.22 4.42 3.31 0.30 2.46 0.74 1705.50 36.90 1716.01 27.44 1728.85 40.70 1728.85 40.70 98.65 
101210DR-05-96 283.62 11993.09 0.98 22.44 17.42 0.17 18.02 0.03 4.59 0.25 173.28 7.85 157.19 26.25 -79.07 429.12 173.28 7.85 NA 
101210DR-05-97 701.93 18632.68 0.94 21.70 9.79 0.11 10.60 0.02 4.06 0.38 106.09 4.27 101.77 10.27 1.63 236.49 106.09 4.27 NA 
101210DR-05-98 57.96 14157.50 1.29 12.55 4.91 2.21 5.99 0.20 3.44 0.57 1181.88 37.11 1184.46 41.90 1189.18 96.91 1189.18 96.91 99.39 
101210DR-05-99 420.78 45089.58 1.35 17.81 4.13 0.56 6.10 0.07 4.49 0.74 446.84 19.38 448.70 22.11 458.24 91.56 446.84 19.38 NA 
101210DR-05-
100 167.39 71447.72 5.15 13.58 2.23 1.73 3.01 0.17 2.01 0.67 1013.62 18.87 1019.47 19.34 1032.04 45.13 1032.04 45.13 98.22 
101210DR-05-R1 177.83 33645.51 2.31 18.59 9.75 0.50 10.22 0.07 3.05 0.30 417.35 12.34 409.04 34.42 362.33 220.38 417.35 12.34 NA 
101210DR-05-R2 206.37 32218.76 1.60 18.31 6.98 0.50 7.70 0.07 3.25 0.42 417.83 13.15 414.53 26.20 396.18 156.63 417.83 13.15 NA 
                    Dakota Sandstone 
                 
      
Isotope ratios 
    
Apparent ages (Ma) 
   
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
KDC-09-1  519.41 10603.88 0.32 21.36 8.11 0.10 8.28 0.02 1.71 0.21 99.26 1.69 96.94 7.66 40.27 194.15 99.26 1.69 NA 
KDC-09-2  104.86 56618.00 2.51 13.67 1.78 1.74 2.30 0.17 1.46 0.63 1025.40 13.82 1023.03 14.83 1017.94 36.04 1017.94 36.04 100.73 
KDC-09-3  237.60 148986.09 2.88 9.37 0.95 4.76 2.04 0.32 1.81 0.89 1807.03 28.47 1778.43 17.12 1745.01 17.32 1745.01 17.32 103.55 
KDC-09-4  77.03 12724.68 1.66 19.14 14.72 0.48 14.79 0.07 1.44 0.10 413.50 5.78 396.19 48.55 296.43 337.51 413.50 5.78 NA 
KDC-09-5  183.60 4954.41 2.91 23.50 26.62 0.10 26.81 0.02 3.14 0.12 106.89 3.33 95.04 24.33 -193.26 676.25 106.89 3.33 NA 
KDC-09-6  274.24 244657.49 1.80 9.66 0.56 4.29 1.39 0.30 1.27 0.92 1694.68 18.96 1691.45 11.44 1687.44 10.26 1687.44 10.26 100.43 
KDC-09-7  311.05 74896.78 3.86 13.57 0.96 1.78 2.68 0.17 2.50 0.93 1039.14 23.97 1037.15 17.39 1032.94 19.39 1032.94 19.39 100.60 
KDC-09-9  101.82 23316.17 2.13 10.54 2.17 3.46 3.77 0.26 3.08 0.82 1512.22 41.58 1518.01 29.73 1526.07 40.97 1526.07 40.97 99.09 
  
67 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
KDC-09-11  240.83 183606.88 2.78 10.47 0.50 3.55 0.94 0.27 0.80 0.85 1539.30 10.96 1538.66 7.47 1537.77 9.35 1537.77 9.35 100.10 
KDC-09-12  238.86 175715.49 4.04 12.40 0.59 2.31 1.20 0.21 1.04 0.87 1217.57 11.56 1215.84 8.50 1212.78 11.68 1212.78 11.68 100.40 
KDC-09-13  403.95 155667.30 2.32 13.49 0.64 1.77 1.09 0.17 0.89 0.81 1028.63 8.42 1033.92 7.07 1045.16 12.83 1045.16 12.83 98.42 
KDC-09-14  515.57 2627.70 1.59 20.60 7.21 0.11 7.90 0.02 3.23 0.41 102.60 3.29 103.55 7.78 125.64 169.88 102.60 3.29 NA 
KDC-09-15  48.86 112308.19 1.38 5.20 0.30 14.09 0.79 0.53 0.72 0.92 2746.59 16.21 2755.77 7.44 2762.49 4.95 2762.49 4.95 99.42 
KDC-09-16  147.23 22636.18 1.77 17.84 6.88 0.52 7.39 0.07 2.70 0.36 422.85 11.04 427.79 25.82 454.50 152.95 422.85 11.04 NA 
KDC-09-17  227.47 112004.01 2.28 12.86 1.17 2.06 1.43 0.19 0.82 0.57 1133.16 8.56 1135.90 9.79 1141.13 23.29 1141.13 23.29 99.30 
KDC-09-18  147.10 52692.15 3.75 12.94 1.55 2.04 2.52 0.19 1.98 0.79 1131.09 20.54 1130.14 17.17 1128.33 30.96 1128.33 30.96 100.24 
KDC-09-19  180.66 133399.94 1.52 13.96 0.96 1.62 2.08 0.16 1.84 0.89 977.17 16.69 976.68 13.03 975.58 19.64 975.58 19.64 100.16 
KDC-09-20  82.10 52392.01 1.50 9.51 1.11 4.45 1.74 0.31 1.34 0.77 1725.65 20.32 1721.57 14.42 1716.61 20.34 1716.61 20.34 100.53 
KDC-09-21  331.10 97870.55 4.47 14.02 0.82 1.62 1.62 0.16 1.40 0.86 983.12 12.75 978.03 10.17 966.62 16.72 966.62 16.72 101.71 
KDC-09-22  85.58 30235.55 1.93 13.27 2.92 1.84 3.31 0.18 1.57 0.47 1048.67 15.21 1058.38 21.78 1078.45 58.57 1078.45 58.57 97.24 
KDC-09-23  203.86 153450.16 12.90 8.10 0.59 6.02 1.68 0.35 1.58 0.94 1951.77 26.59 1978.23 14.67 2005.98 10.43 2005.98 10.43 97.30 
KDC-09-24  31.15 8841.80 2.03 13.53 5.14 1.76 5.50 0.17 1.95 0.35 1025.80 18.47 1030.03 35.62 1039.01 103.93 1039.01 #### 98.73 
KDC-09-25  51.20 70086.50 2.86 7.67 1.87 7.03 2.08 0.39 0.91 0.44 2128.24 16.44 2115.55 18.47 2103.22 32.82 2103.22 32.82 101.19 
KDC-09-26  102.98 20396.63 0.66 14.14 1.99 1.56 3.22 0.16 2.54 0.79 956.15 22.56 953.90 19.94 948.73 40.66 948.73 40.66 100.78 
KDC-09-27  294.92 31680.67 0.68 18.15 2.83 0.51 3.17 0.07 1.42 0.45 415.10 5.72 415.19 10.80 415.65 63.24 415.10 5.72 NA 
KDC-09-28  209.37 58520.76 0.97 13.82 0.95 1.74 1.36 0.17 0.98 0.72 1037.33 9.35 1024.18 8.80 996.18 19.33 996.18 19.33 104.13 
KDC-09-29  143.68 66298.22 3.11 13.34 1.12 1.84 2.02 0.18 1.68 0.83 1056.67 16.38 1060.13 13.29 1067.27 22.53 1067.27 22.53 99.01 
KDC-09-30  153.39 91225.27 1.37 11.00 0.70 3.22 1.28 0.26 1.07 0.84 1474.90 14.06 1462.56 9.89 1444.66 13.37 1444.66 13.37 102.09 
KDC-09-31  158.81 24929.60 1.24 18.51 6.13 0.51 6.36 0.07 1.67 0.26 430.79 6.96 421.63 21.93 371.79 138.19 430.79 6.96 NA 
KDC-09-32  109.76 7646.08 1.57 20.78 29.60 0.26 ### 0.04 1.90 0.06 244.74 4.56 232.04 61.61 105.23 713.29 244.74 4.56 NA 
KDC-09-33  193.14 21834.05 1.32 17.91 3.60 0.59 3.78 0.08 1.15 0.30 474.49 5.27 469.52 14.22 445.25 80.10 474.49 5.27 NA 
KDC-09-34  140.42 82821.86 1.98 10.44 0.42 3.63 1.16 0.27 1.08 0.93 1564.34 15.03 1555.54 9.24 1543.59 7.90 1543.59 7.90 101.34 
KDC-09-35  89.08 65265.45 1.46 9.81 0.90 4.14 2.08 0.29 1.88 0.90 1665.62 27.55 1662.92 17.04 1659.49 16.75 1659.49 16.75 100.37 
KDC-09-36  355.59 20891.16 0.93 20.89 5.81 0.17 6.06 0.03 1.74 0.29 167.66 2.88 162.78 9.12 92.38 137.62 167.66 2.88 NA 
KDC-09-37  168.11 45351.23 3.42 13.63 1.68 1.72 2.00 0.17 1.09 0.55 1012.84 10.25 1016.47 12.85 1024.27 33.91 1024.27 33.91 98.88 
KDC-09-38  1218.09 82576.61 8.22 9.47 0.88 4.29 2.59 0.29 2.44 0.94 1666.15 35.84 1691.85 21.37 1723.84 16.16 1723.84 16.16 96.65 
KDC-09-39  146.76 198195.89 1.31 9.73 0.87 4.22 1.96 0.30 1.76 0.90 1678.70 25.95 1677.11 16.08 1675.10 16.02 1675.10 16.02 100.22 
KDC-09-40  128.39 42616.61 3.07 12.89 1.27 2.09 2.06 0.20 1.61 0.79 1152.74 17.04 1146.94 14.13 1136.01 25.34 1136.01 25.34 101.47 
KDC-09-41  302.67 21994.64 1.12 20.75 5.81 0.23 6.07 0.04 1.76 0.29 223.56 3.87 213.91 11.71 108.95 137.36 223.56 3.87 NA 
KDC-09-42  438.31 3255.69 1.53 17.72 5.32 0.52 5.52 0.07 1.48 0.27 416.30 5.99 424.55 19.16 469.56 117.82 416.30 5.99 NA 
KDC-09-43  563.85 266090.82 2.94 12.86 0.47 2.14 1.42 0.20 1.34 0.94 1172.90 14.37 1161.78 9.82 1141.08 9.31 1141.08 9.31 102.79 
KDC-09-44  682.51 2883.16 2.80 13.28 1.44 1.81 2.74 0.17 2.33 0.85 1034.40 22.27 1048.12 17.90 1076.85 28.84 1076.85 28.84 96.06 
KDC-09-45  92.45 25744.16 1.71 9.61 1.50 4.56 2.61 0.32 2.14 0.82 1779.91 33.26 1742.02 21.77 1696.82 27.71 1696.82 27.71 104.90 
KDC-09-46  328.45 247983.80 1.69 10.66 0.31 3.31 2.35 0.26 2.33 0.99 1469.45 30.66 1483.76 18.36 1504.26 5.90 1504.26 5.90 97.69 
KDC-09-48  527.07 14397.18 0.77 8.92 0.26 4.77 1.44 0.31 1.41 0.98 1732.02 21.44 1779.02 12.05 1834.61 4.75 1834.61 4.75 94.41 
KDC-09-49  212.14 117752.91 1.29 10.73 0.85 3.36 1.99 0.26 1.80 0.91 1497.81 24.06 1495.69 15.57 1492.66 16.00 1492.66 16.00 100.35 
KDC-09-50  172.16 62878.49 1.90 13.68 0.79 1.74 1.71 0.17 1.51 0.89 1026.05 14.37 1023.12 11.01 1016.84 15.99 1016.84 15.99 100.91 
KDC-09-51  306.16 72256.75 0.78 17.85 1.23 0.54 2.41 0.07 2.07 0.86 437.34 8.77 439.81 8.61 452.72 27.32 437.34 8.77 NA 
KDC-09-52  281.02 206465.41 3.46 9.88 0.34 4.04 0.77 0.29 0.69 0.89 1639.82 9.95 1642.53 6.25 1645.98 6.38 1645.98 6.38 99.63 
KDC-09-53  106.09 33343.64 1.15 16.53 5.81 0.87 5.96 0.10 1.30 0.22 636.52 7.88 633.33 28.08 621.95 125.51 636.52 7.88 102.34 
KDC-09-54  307.31 116310.50 3.48 13.66 0.89 1.76 1.12 0.17 0.69 0.61 1037.76 6.62 1032.07 7.29 1020.03 17.98 1020.03 17.98 101.74 
KDC-09-55  193.01 14456.76 1.02 20.26 9.14 0.24 9.82 0.04 3.60 0.37 224.32 7.94 219.21 19.36 164.69 213.87 224.32 7.94 NA 
KDC-09-56  377.21 82124.00 9.75 13.60 0.55 1.78 1.37 0.18 1.25 0.92 1043.85 12.08 1039.03 8.91 1028.87 11.16 1028.87 11.16 101.46 
KDC-09-57  173.09 155150.16 1.49 9.52 0.65 4.46 1.09 0.31 0.88 0.80 1728.97 13.34 1722.80 9.08 1715.30 11.98 1715.30 11.98 100.80 
  
68 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
KDC-09-58  305.73 135652.44 1.58 13.23 0.84 1.94 1.49 0.19 1.22 0.82 1098.75 12.37 1093.66 9.95 1083.51 16.88 1083.51 16.88 101.41 
KDC-09-59  126.41 38936.59 0.89 11.72 1.59 2.74 1.83 0.23 0.89 0.49 1349.93 10.90 1339.32 13.60 1322.38 30.88 1322.38 30.88 102.08 
KDC-09-60  75.66 25420.19 2.20 12.64 2.28 2.30 5.82 0.21 5.36 0.92 1233.92 60.21 1212.80 41.25 1175.42 45.02 1175.42 45.02 104.98 
KDC-09-61  96.30 46418.59 2.40 10.81 1.74 3.26 1.97 0.26 0.91 0.46 1466.00 11.95 1470.75 15.27 1477.59 33.04 1477.59 33.04 99.22 
KDC-09-62  75.55 144709.45 1.28 8.48 1.53 5.62 2.01 0.35 1.30 0.65 1915.24 21.52 1919.79 17.32 1924.68 27.46 1924.68 27.46 99.51 
KDC-09-63  375.10 60699.16 0.62 18.25 1.99 0.49 2.18 0.07 0.88 0.40 408.27 3.49 407.53 7.31 403.29 44.60 408.27 3.49 NA 
KDC-09-64  399.95 20699.96 1.05 19.61 10.50 0.10 10.74 0.01 2.27 0.21 94.97 2.14 100.79 10.31 240.74 242.56 94.97 2.14 NA 
KDC-09-65  175.15 10031.56 1.08 27.78 31.55 0.08 32.11 0.02 5.95 0.19 97.40 5.75 73.95 22.91 -631.30 881.16 97.40 5.75 NA 
KDC-09-66  70.13 7121.33 1.75 17.79 11.62 0.57 11.87 0.07 2.44 0.21 460.27 10.85 460.39 43.98 460.96 258.43 460.27 10.85 NA 
KDC-09-67  364.79 4108.23 2.04 9.57 0.96 4.24 1.31 0.29 0.89 0.68 1662.97 13.08 1681.65 10.78 1705.01 17.71 1705.01 17.71 97.53 
KDC-09-68  87.53 67134.07 2.21 13.09 3.07 1.92 5.55 0.18 4.62 0.83 1081.33 45.95 1089.35 37.06 1105.42 61.46 1105.42 61.46 97.82 
KDC-09-69  254.37 240888.48 3.97 7.61 0.46 6.97 1.19 0.38 1.09 0.92 2097.22 19.59 2107.06 10.53 2116.67 8.01 2116.67 8.01 99.08 
KDC-09-70  225.91 14788.34 1.02 20.53 8.32 0.18 9.39 0.03 4.34 0.46 167.85 7.18 165.59 14.34 133.29 195.96 167.85 7.18 NA 
KDC-09-71  66.33 13475.32 2.52 16.03 9.36 0.77 9.75 0.09 2.72 0.28 555.16 14.45 581.78 43.19 687.14 200.13 555.16 14.45 80.79 
KDC-09-72  194.37 30075.25 2.91 17.36 5.12 0.58 5.25 0.07 1.13 0.22 457.95 4.99 467.59 19.66 515.16 112.61 457.95 4.99 NA 
KDC-09-74  439.39 1112.58 2.27 9.45 3.63 4.00 3.88 0.27 1.38 0.36 1561.76 19.16 1633.84 31.53 1727.89 66.59 1727.89 66.59 90.39 
KDC-09-75  193.16 7386.45 1.69 13.21 1.85 1.80 2.59 0.17 1.81 0.70 1025.94 17.14 1045.79 16.88 1087.48 37.06 1087.48 37.06 94.34 
KDC-09-77  94.97 15162.65 1.39 18.68 6.59 0.53 6.73 0.07 1.38 0.21 444.81 5.94 429.97 23.61 351.21 149.10 444.81 5.94 NA 
KDC-09-78  120.65 94862.67 1.69 9.61 0.93 4.35 1.43 0.30 1.08 0.76 1706.55 16.24 1703.01 11.79 1698.64 17.14 1698.64 17.14 100.47 
KDC-09-79  439.50 73655.69 0.56 17.49 1.33 0.66 1.65 0.08 0.98 0.59 515.44 4.85 512.27 6.63 498.12 29.23 515.44 4.85 103.48 
KDC-09-80  429.60 203905.86 2.23 9.29 0.20 4.76 0.94 0.32 0.91 0.98 1792.87 14.31 1777.98 7.86 1760.54 3.74 1760.54 3.74 101.84 
KDC-09-81  312.85 6613.16 0.52 22.01 16.79 0.10 17.20 0.02 3.70 0.21 97.27 3.57 92.38 15.19 -32.19 409.73 97.27 3.57 NA 
KDC-09-82  876.60 15408.48 10.40 18.93 1.33 0.35 1.70 0.05 1.05 0.62 305.45 3.14 307.31 4.50 321.51 30.29 305.45 3.14 NA 
KDC-09-83  42.43 45332.89 2.20 8.75 1.67 5.32 2.78 0.34 2.23 0.80 1877.20 36.32 1872.86 23.80 1868.02 30.05 1868.02 30.05 100.49 
KDC-09-84  259.87 31872.05 2.80 13.26 0.92 1.83 1.83 0.18 1.59 0.86 1047.35 15.32 1058.02 12.06 1080.09 18.53 1080.09 18.53 96.97 
KDC-09-85  94.70 25626.01 4.83 13.64 1.95 1.76 2.60 0.17 1.72 0.66 1034.30 16.47 1030.57 16.82 1022.62 39.37 1022.62 39.37 101.14 
KDC-09-86  69.48 78158.53 1.40 8.23 0.86 5.96 1.17 0.36 0.80 0.68 1963.19 13.52 1970.32 10.21 1977.79 15.34 1977.79 15.34 99.26 
KDC-09-87  280.44 40040.90 1.97 12.27 1.14 2.41 2.16 0.21 1.83 0.85 1250.90 20.80 1244.64 15.48 1233.83 22.44 1233.83 22.44 101.38 
KDC-09-88  114.70 15221.86 0.96 17.39 5.04 0.53 5.16 0.07 1.10 0.21 419.09 4.46 433.51 18.19 510.86 110.77 419.09 4.46 NA 
KDC-09-89  173.97 17689.25 3.61 18.79 5.89 0.45 6.22 0.06 2.00 0.32 385.43 7.50 378.79 19.67 338.41 133.46 385.43 7.50 NA 
KDC-09-90  121.23 52249.82 2.05 13.74 2.19 1.73 2.40 0.17 0.98 0.41 1028.08 9.35 1021.54 15.49 1007.54 44.51 1007.54 44.51 102.04 
KDC-09-91  134.14 59825.06 1.56 16.17 4.47 0.92 4.68 0.11 1.37 0.29 658.47 8.58 660.90 22.73 669.18 95.79 658.47 8.58 98.40 
KDC-09-93  42.06 89191.00 1.33 7.80 1.08 6.83 1.83 0.39 1.47 0.81 2104.76 26.42 2089.04 16.18 2073.57 19.08 2073.57 19.08 101.50 
KDC-09-94  276.55 12215.94 0.72 19.73 23.83 0.11 ### 0.02 1.84 0.08 97.96 1.79 103.23 23.47 226.73 557.70 97.96 1.79 NA 
KDC-09-95  51.47 24236.39 1.54 9.00 1.29 5.08 2.39 0.33 2.01 0.84 1848.29 32.30 1833.48 20.26 1816.70 23.39 1816.70 23.39 101.74 
KDC-09-96  50.66 14605.58 0.64 17.59 10.84 0.70 11.26 0.09 3.06 0.27 552.52 16.23 539.71 47.18 485.94 239.87 552.52 16.23 113.70 
KDC-09-97  61.72 20410.44 2.36 13.94 4.38 1.70 6.07 0.17 4.20 0.69 1025.01 39.76 1010.07 38.84 977.82 89.36 977.82 89.36 104.83 
KDC-09-99  127.24 70488.09 1.99 9.66 0.75 4.41 4.56 0.31 4.50 0.99 1734.65 68.48 1713.37 37.79 1687.44 13.87 1687.44 13.87 102.80 
KDC-09-100  76.65 35985.75 1.04 9.74 1.03 4.23 2.15 0.30 1.89 0.88 1686.03 27.98 1680.49 17.66 1673.56 19.10 1673.56 19.10 100.75 
KDC-09-101  205.73 121814.86 0.75 11.16 0.78 3.09 2.49 0.25 2.37 0.95 1438.58 30.55 1430.01 19.14 1417.27 14.93 1417.27 14.93 101.50 
KDC-09-102  213.81 87764.38 2.71 13.78 1.22 1.74 1.79 0.17 1.31 0.73 1033.65 12.47 1023.43 11.54 1001.61 24.83 1001.61 24.83 103.20 
KDC-09-103  303.57 112689.98 2.43 13.51 0.76 1.83 1.54 0.18 1.34 0.87 1060.89 13.15 1054.52 10.13 1041.33 15.37 1041.33 15.37 101.88 
KDC-09-104  228.61 139840.89 2.50 13.87 1.14 1.68 1.50 0.17 0.97 0.65 1007.76 9.06 1001.59 9.53 988.11 23.15 988.11 23.15 101.99 
KDC-09-105  78.17 51034.95 2.81 14.18 2.66 1.57 3.02 0.16 1.43 0.47 962.58 12.74 956.91 18.69 943.90 54.44 943.90 54.44 101.98 
KDC-09-R33  250.01 24321.02 1.42 17.98 3.78 0.51 3.98 0.07 1.27 0.32 413.92 5.10 417.54 13.64 437.54 84.05 413.92 5.10 NA 
KDC-09-R33  103.48 14302.29 1.51 19.09 9.03 0.48 9.56 0.07 3.13 0.33 417.36 12.66 400.13 31.62 301.81 206.22 417.36 12.66 NA 
  
69 
Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
Best 
age ± Conc 
  (ppm) 204Pb   207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) 
KDC-09-R33  645.78 52364.32 1.31 18.13 1.36 0.52 1.76 0.07 1.12 0.64 424.17 4.60 423.40 6.10 419.18 30.37 424.17 4.60 NA 
 
 
 
